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$EVWUDFW²7KH FRYHUWQHVV RI DQ DFWLYH VRQDU LV D YHU\ LPSRUWDQW
LVVXH DQG WKH VRQDU VLJQDO ZDYHIRUP GHVLJQ SUREOHP LV VWXGLHG WR
LPSURYH FRYHUWQHVV RI WKH V\VWHP 0DQ\ PDULQH PDPPDOV
SURGXFH FDOO SXOVHV IRU FRPPXQLFDWLRQ DQG HFKRORFDWLRQ DQG
H[LVWLQJ LQWHUFHSWLRQ V\VWHPV QRUPDOO\ FODVVLI\ WKHVH ELRORJLFDO
VLJQDOV DV RFHDQ QRLVH DQG ILOWHU WKHP RXW %DVHG RQ WKLV D
GLVJXLVHG VRQDU VLJQDO ZDYHIRUP GHVLJQ DSSURDFK ZLWK LWV
FDPRXIODJH DSSOLFDWLRQ VWUDWHJ\ IRU XQGHUZDWHU VHQVRU SODWIRUPV
LV SURSRVHG E\ XWLOL]LQJ ELRLQVSLUHG VWHJDQRJUDSK\ :H ILUVW
FRQVWUXFW ELRQLF VRQDU VLJQDO ZDYHIRUPV ZKLFK DUH YHU\ FORVH WR
WKH WUXH ZKDOH ZKLVWOH DQG WKHQ HPEHG WKHVH FRQVWUXFWHG ELRQLF
VRQDU VLJQDO ZDYHIRUPV LQWR WKH WUXH ZKDOH FDOO WUDLQV WR KLGH WKH
UHDO VRQDU VLJQDO ZDYHIRUPV $FFRUGLQJ WR WKH WLPHIUHTXHQF\ 7)
VWUXFWXUH RI WKH WUXH ZKDOH ZKLVWOH D ELRQLF VRQDU VLJQDO PRGHO LV
HVWDEOLVKHG WR JHQHUDWH WKH SURSRVHG VRQDU VLJQDO ZDYHIRUPV $
VLQJOH VRQDU VLJQDO LV XVHG WR PHDVXUH WKH UDQJH RI WKH WDUJHW DQG D
FRPELQDWLRQ RI WZR VRQDU VLJQDOV LV XWLOL]HG IRU PHDVXULQJ LWV
VSHHG $ KLJKSHUIRUPDQFH UDQJH DQG VSHHG PHDVXUHPHQW
DOJRULWKP LV GHGXFHG LQ GHWDLO %DVHG RQ WKH FRQVWUXFWHG VLJQDO
ZDYHIRUPV DQG WKH FKDUDFWHULVWLFV RI IDOVH NLOOHU ZKDOH FDOO WUDLQV
D FDPRXIODJH DSSOLFDWLRQ VWUDWHJ\ LV GHVLJQHG WR LPSURYH WKH
FDPRXIODJH DELOLW\ RI WKH VRQDU VLJQDO VHTXHQFH )LQDOO\
VLPXODWLRQ UHVXOWV DUH SURYLGHG WR YHULI\ WKH SHUIRUPDQFH RI WKH
SURSRVHG PHWKRG
,QGH[ 7HUPV²&RYHUW VRQDU VRQDU ZDYHIRUP GHVLJQ ELRQLF
VRQDU GLVJXLVHG VRQDU ZDYHIRUP GHVLJQ
, ,1752'8&7,21
\ VHQGLQJ RXW VLJQDOV IRU WDUJHW GHWHFWLRQ DQ DFWLYH VRQDU
V\VWHP XQDYRLGDEO\ ULVNV EHLQJ GHWHFWHG DQG LGHQWLILHG E\
WKH RWKHUV WRR ,Q WKH ODVW IHZ GHFDGHV PDQ\ PHWKRGV KDYH
EHHQ SURSRVHG WR LPSURYH WKH VWHDOWK FDSDELOLW\ RI DFWLYH VRQDU
V\VWHPV WKURXJK VLJQDO ZDYHIRUP GHVLJQ >@
6RPH PHWKRGV WU\ WR FRQVWDQWO\ FKDQJH WKH SDUDPHWHUV RI WKH
WUDQVPLWWHG VLJQDOV WR LQFUHDVH RI WKH LGHQWLILFDWLRQ GLIILFXOW\
0DQXVFULSW UHFHLYHG [[ [[ [[ 7KLV ZRUN ZDV VXSSRUWHG LQ SDUW E\ WKH
7LDQ-LQ 1DWXUDO 6FLHQFH )RXQGDWLRQV RI &KLQD XQGHU *UDQW 1R
-&41-& 1DWLRQDO 1DWXUDO 6FLHQFH )RXQGDWLRQV RI &KLQD XQGHU *UDQW
1R   1DWLRQDO NH\ UHVHDUFK DQG GHYHORSPHQW SODQ
<)) <RXQJ (OLWH 6FLHQWLVWV 6SRQVRUVKLS 3URJUDP %\ &DVW RI
&KLQD XQGHU *UDQW 1R 415&
-LDMLD -LDQJ =KRQJER 6XQ )DMLH 'XDQ ;LDQTXDQ :DQJ /LQJUDQ %X
&KXQ\XH /L ;LDR )X 7LQJWLQJ +XDQJ DQG /LQJ 0D DUH ZLWK WKH 6WDWH .H\ /DE
RI 3UHFLVLRQ 0HDVXULQJ 7HFKQRORJ\ DQG ,QVWUXPHQWV 7LDQMLQ  &KLQD
&RUUHVSRQGLQJ DXWKRU =KRQJER 6XQ ]EVXQ#WMXHGXFQ
:HL /LX LV ZLWK WKH 'HSDUWPHQW RI (OHFWURQLF DQG (OHFWULFDO (QJLQHHULQJ
8QLYHUVLW\ RI 6KHIILHOG 8.
VXFK DV SHULRGKRSSLQJ >@ IUHTXHQF\KRSSLQJ >@
WLPHKRSSLQJ >@ DQG VR RQ $OWKRXJK WKH\ FDQ LPSURYH WKH
FRYHUWQHVV RI VLJQDOV WKHUH LV VWLOO PXFK IXUWKHU ZRUN WR EH GRQH
VLQFH WKRVH FKDQJHGSDUDPHWHUV VLJQDOV KDYH VRPH GLVWLQFW
IHDWXUHV )RU H[DPSOH IRU IUHTXHQF\KRSSLQJ VLJQDOV HDFK
SXOVH FRXOG EH FRQWLQXRXVZDYH &: RU OLQHDU IUHTXHQF\
PRGXODWHG /)0 KRZHYHU WKH &: SXOVHV KDYH WKH IHDWXUH RI
EHLQJ RI UHFWDQJOH LQ WKH WLPH GRPDLQ DQG VLQJOH IUHTXHQF\ LQ
WKH IUHTXHQF\ GRPDLQ ZKLOH /)0 SXOVHV DUH RI ERWK UHFWDQJOH
LQ WKH WLPH GRPDLQ DQG OLQHDUO\ FKDQJHG IUHTXHQF\ LQ WKH
IUHTXHQF\ GRPDLQ >@ $V D UHVXOW WKHVH VLJQDOV FDQ EH
LGHQWLILHG DQG FODVVLILHG HDVLO\ LQ SUDFWLFH >@
6RPH RWKHU PHWKRGV XVH ORZ VLJQDO QRLVH UDWLR 615 VLJQDOV
ZLWK /)0 >@ )0&: >@ RU RWKHU VWHDOWK VLJQDOV VXFK DV
SVHXGRUDQGRP >@ RU FKDRWLF FRGHV >@ WR LQFUHDVH WKH
GLIILFXOW\ RI EHLQJ GHWHFWHG $FKLHYLQJ D KLJK GHJUHH RI
FRYHUWQHVV WKHVH VLJQDOV FDQ VWLOO EH GHWHFWHG E\ VRPH PHWKRGV
VXFK DV HQYHORSH GHWHFWLRQ HQHUJ\ GHWHFWLRQ DQG HQHUJ\
VSHFWUDO GHQVLW\ DQDO\VLV PHWKRGV HWF >@ %HVLGHV D VRQDU
V\VWHP XVLQJ WKH ORZ 615 VLJQDOV UHTXLUHV D ORQJWLPH HQHUJ\
DFFXPXODWLRQ SURFHVV IRU WDUJHW GHWHFWLRQ ZKLFK VHYHUHO\
DIIHFWV WKH GHWHFWLRQ HIILFLHQF\
'XH WR WKH VLPLODULW\ RI FRQVLGHUHG SUREOHPV PDQ\ LGHDV LQ
UDGDU VLJQDO ZDYHIRUP GHVLJQ >@ FDQ DOVR EH HPSOR\HG
KHUH DQG IRU WKH VSHFLILF FRYHUW VLJQDO ZDYHIRUP GHVLJQ
SUREOHP WKRVH LGHDV LQ UDGDU DOVR IDOO LQWR WKH DERYH WZR
FDWHJRULHV > @
$QRWKHU GLUHFWLRQ IRU VRQDU ZDYHIRUP GHVLJQ LV WKH
QDWXUHLQVSLUHG DSSURDFK *LYHQ QDWXUH¶V DELOLW\ WR DGGUHVV
FRPSOH[ ODUJHVFDOH SUREOHPV ZLWK UREXVW DGDSWDEOH DQG
HIILFLHQW VROXWLRQV UHVXOWLQJ IURP PDQ\ \HDUV RI HYROXWLRQ
UHVHDUFKHUV ORRN WR QDWXUDO V\VWHPV IRU LQVSLUDWLRQ DQG PHWKRGV
WR VROYH SUREOHPV LQ KXPDQFUHDWHG DUWLILFLDO HQYLURQPHQWV
%DVHG RQ WKH ELRVRQDU V\VWHPV LQ QDWXUH 5ROI 0XOOHU HW DO
SUHVHQWHG D GHWDLOHG UHYLHZ DQG GLVFXVVLRQ DERXW ELRLQVSLUHG
HQJLQHHULQJ DQG SRLQWHG RXW WKDW ELRLQVSLUHG HQJLQHHULQJ FRXOG
FDSLWDOL]H RQ VRPH RI LWV VWUHQJWKV WR VHUYH DV D PRGHO V\VWHP
IRU EDVLF DXWRPDWLRQ PHWKRGRORJLHV IRU WKH ELRLQVSLUHG
HQJLQHHULQJ SURFHVV LQ IXWXUH UHVHDUFK >@ ,Q >@ &KULV
&DSXV HW DO GHVLJQHG D QRYHO DQG LQWHUHVWLQJ ELRLQVSLUHG
ZLGHEDQG VRQDU VLJQDO ZDYHIRUP EDVHG RQ WKH GRXEOH
GRZQFKLUS VWUXFWXUH RI FOLFNV RI ERWWOHQRVH GROSKLQ HYDOXDWHG
LWV SHUIRUPDQFH DQG REWDLQHG H[FHOOHQW UHVXOWV ,Q >@ LQVSLUHG
E\ WKH YRFDOL]DWLRQ RI KXPSEDFN ZKDOHV DQG GROSKLQV 7LPRWK\
/HLJKWRQ DQG 3DXO :KLWH SURSRVHG D SRVVLEOH VRQDU VFKHPH IRU
WDUJHWV GHWHFWLRQ LQ EXEEOH FORXGV DQG D SRVVLEOH UDGDU VFKHPH
-LDMLD -LDQJ ,(((0HPEHU =KRQJER 6XQ )DMLH 'XDQ :HL /LX ,((( 6HQLRU 0HPEHU ;LDQTXDQ :DQJ
&KXQ\XH /L /LQJUDQ %X ;LDR )X 7LQJWLQJ +XDQJ DQG /LQJ 0D
'LVJXLVHG %LRQLF 6RQDU 6LJQDO :DYHIRUP 'HVLJQ
ZLWK ,WV 3RVVLEOH &DPRXIODJH $SSOLFDWLRQ 6WUDWHJ\
IRU 8QGHUZDWHU 6HQVRU 3ODWIRUPV
%
IRU WKH GHWHFWLRQ RI EXULHG H[SORVLYHV DQG FDWDVWURSKH YLFWLPV
$QG WKH UHOHYDQW H[SHULPHQWDO UHVXOWV VKRZHG WKH YDOLGLW\ RI
WKHLU VFKHPHV ,Q >@ E\ XVLQJ WKH LGHD RI FDPRXIODJH VLPLODU
WR WKLV SDSHU D ELRLQVSLUHG VWHJDQRJUDSK\ IRU VHFXUH
XQGHUZDWHU DFRXVWLF FRPPXQLFDWLRQV ZDV SURSRVHG E\ XV EDVHG
RQ WKH VSHUP ZKDOH FDOOV DQG DERXW ELWV FRPPXQLFDWLRQ
UDWH LV FRPSOHWHG WKURXJK ODNH H[SHULPHQWV ,Q >@ LQVSLUHG E\
ZKDW OLWWOH LV NQRZQ DERXW GROSKLQ HFKRORFDWLRQ UHFHLYLQJ
PHFKDQLVPV 3HWHU 'REELQV SURSRVHG D YHU\ LQWHUHVWLQJ DQG
QHZ FRQFHSW IRU D VRQDU UHFHLYHU EDVHG RQ D SDLU RI HQGILUH DUUD\
PRGHO IURP GROSKLQ¶ WHHWK DQG VKRZHG WKDW HQGILUH DUUD\ EHDP
SDWWHUQV KDG PLQLPDO QHDUILHOG GHJUDGDWLRQ DQG D SDLU RI
HQGILUH DUUD\V FRXOG EH XVHG LQ D PRQRSXOVH PRGH IRU DQJXODU
ORFDOL]DWLRQ 7KHVH UHVXOWV DUH YHU\ HQOLJKWHQLQJ WR XV ,Q >@
5ROI 0OOHU HW DO FRPSDUHG EHDPZLGWK LQ ELRVRQDU DQG
HQJLQHHUHG VRQDU ZLWK HDFK RWKHU DQG WR WKH WKHRUHWLFDO
EHDPZLGWK OLPLW IRU WKH UHVSHFWLYH UDWLR RI VRQDU DSHUWXUH VL]H
DQG ZDYHOHQJWK DQG REWDLQG VRPH YHU\ LQWHUHVWLQJ DQG
LQVWUXFWLYH UHVXOWV ,Q >@ 0LFKHOH 9HVSH HW DO LQWURGXFHG D
UDQJH RI VWUDWHJLHV HPSOR\HG E\ EDWV DQG FRQVLGHUHG KRZ WKHVH
PLJKW EH H[SORLWDEOH LQ IXWXUH UDGDU V\VWHPV 7KHVH ELRLQVSLUHG
LGHDV DQG LQGHSWK DQDO\VLV DUH YHU\ LQWHUHVWLQJ DQG
LQVSLUDWLRQDO +RZHYHU WR RXU EHVW NQRZOHGJH WKH FRYHUWQHVV
LVVXH KDV QRW EHHQ FRQVLGHUHG \HW LQ WKLV FRQWH[W
$V FDQ EH VHHQ LQ >@ SUHVHQW LQWHUFHSWLRQ V\VWHPV
DOPRVW DOZD\V FODVVLI\ ELRORJLFDO VLJQDOV DV RFHDQ QRLVH DQG WU\
WR ILOWHU WKHP RXW %DVHG RQ WKLV ZH SURSRVH D FRYHUW VRQDU
VLJQDO ZDYHIRUP GHVLJQ DSSURDFK ZLWK LWV SRVVLEOH FDPRXIODJH
DSSOLFDWLRQ VWUDWHJ\ E\ XWLOL]LQJ ELRLQVSLUHG VWHJDQRJUDSK\
%\ DQDO\]LQJ WKH WLPHIUHTXHQF\ 7) VWUXFWXUHV RI ZKLVWOHV
HPLWWHG E\ IDOVH NLOOHU ZKDOHV LW LV IRXQG WKDW WKH 7) VWUXFWXUHV
RI K\SHUEROLF IUHTXHQF\ PRGXODWHG +)0 VLJQDOV DUH YHU\
VLPLODU WR WKRVH RI IDOVH NLOOHU ZKDOHV 7KHUHIRUH EDVHG RQ WKH
+)0 VLJQDO PRGHO D ELRQLF VRQDU VLJQDO PRGHO LV SUHVHQWHG
ZKLFK LV WKHQ XWLOL]HG WR FRQVWUXFW GLVJXLVHG DQG ELRQLF VRQDU
VLJQDO ZDYHIRUPV WR DFFRPSOLVK GLVJXLVHG DQG FRYHUW DFWLYH
VRQDU GHWHFWLRQ WDVNV 7KH PDLQ FRQWULEXWLRQV RI WKLV SDSHU FDQ
EH VXPPDUL]HG DV IROORZV
 'LIIHUHQW IURP FRQYHQWLRQDO SDUDPHWHUFKDQJLQJ RU ORZ
615 VRQDU VLJQDO ZDYHIRUPV D QHZ W\SH RI GLVJXLVHG DQG
ELRQLF VRQDU VLJQDO ZDYHIRUP GHVLJQ LV SURSRVHG
 $FFRUGLQJ WR WKH 7) FKDUDFWHULVWLFV RI IDOVH NLOOHU ZKDOH
FDOOV DQ LPLWDWLRQ VRQDU VLJQDO PRGH LV SUHVHQWHG ZLWK D YHU\
JRRG PDWFK WR WKH WUXH ZKLVWOH RI IDOVH NLOOHU ZKDOHV
 $ FRPSXWDWLRQDOO\ HIILFLHQW WDUJHW UDQJH DQG VSHHG
PHDVXUHPHQW DOJRULWKP HPSOR\LQJ WKH FKDUDFWHULVWLFV RI WLPH
UHVROXWLRQ DQG 'RSSOHU WROHUDQFH RI WKH FRQVWUXFWHG ELRQLF
VRQDU VLJQDO ZDYHIRUPV LV GHYHORSHG
 7KH SURSRVHG DSSURDFK RYHUFRPHV WKH WUDGHRII EHWZHHQ
ORQJUDQJH GHWHFWLRQ DQG FRYHUWQHVV ,W FDQ REWDLQ FRYHUWQHVV
FDPRXIODJH HYHQ LI WKH 615 RI WKH WUDQVPLWWHG VLJQDOV LV YHU\
KLJK 2Q WKH RWKHU KDQG LW FDQ LPSURYH WKH FRYHUWQHVV E\
UHGXFLQJ WKH 615 IRU D VKRUW UDQJH WDUJHW GHWHFWLRQ WDVN
,,$1$/<6,6 $1' 35(352&(66,1* 2) )$/6( .,//(5 :+$/(
&$//6
$&KDUDFWHULVWLFV RI IDOVH NLOOHU ZKDOH FDOOV
:KHQ QDYLJDWLQJ FRPPXQLFDWLQJ KXQWLQJ DQG DYRLGLQJ
SUHGDWRUV LQ GDUN RU OLPLWHG YLVLRQ ZDWHUV IDOVH NLOOHU ZKDOHV
SURGXFH FOLFNV DQG ZKLVWOHV >@ DV VKRZQ LQ )LJ 
)LJ  &OLFNV DQG ZKLVWOHV SURGXFHG E\ WKH IDOVH NLOOHU ZKDOH
7KH FOLFNV DUH SURGXFHG LQ VHULHV TXLWH YDULDEOH LQ VWUXFWXUH
DQG KDYH IUHTXHQF\ SHDNV IURP  N+] WR  N+] >@
:KLVWOHV DUH FKDUDFWHUL]HG E\ D FRQWLQXRXV ZDYHIRUP ZKLFK
DSSHDUV RQ D 7) VSHFWURJUDP DV D VLQJOH WRQH ZLWK OLWWOH RU QR
KDUPRQLF RU VLGHEDQG VWUXFWXUH 7KH IUHTXHQF\ RI ZKLVWOHV
UDQJHV IURP DERXW  N+] WR  N+] >@ :KLVWOHV ZLWK UHODWLYH
ORQJWLPH GXUDWLRQ DUH EHOLHYHG WR VHUYH DV VRPH VRUW RI
FRPPXQLFDWLRQ RU VRFLDO FRKHVLRQ UROHV 7KH IUHTXHQF\
GLVWULEXWLRQ RI ZKLVWOHV LV FORVH WR WKH IUHTXHQF\ GLVWULEXWLRQ RI
PLGIUHTXHQF\ VRQDU VLJQDOV ZKLFK LV EHQHILFLDO IRU UHPRWH
WDUJHW GHWHFWLRQ
%3UHSURFHVVLQJ DQG VWDWLVWLFDO DQDO\VLV RI IDOVH NLOOHU ZKDOH
FDOOV
7KH RULJLQDO KLJK TXDOLW\ FDOO RI  PLQXWHV DQG  VHFRQGV
SURGXFHG E\ D IDOVH NLOOHU ZKDOH ZDV UHFRUGHG ZLWK D NVSV
VDPSOLQJ UDWH 8QDYRLGDEO\ WKH VLJQDO ZDV SROOXWHG E\ WKH
*DXVVLDQ RFHDQ DPELHQW QRLVH >@ DQG DV FDQ EH VHHQ IURP WKH
7) VSHFWURJUDPV LQ )LJV  DQG  WKH ZKLVWOHV RI IDOVH NLOOHU
ZKDOHV DUH VKRUWWLPH VWDWLRQDU\ ,Q VXFK D FDVH D :LHQHU ILOWHU
>@ FDQ EH XWLOL]HG WR UHPRYH WKH EDFNJURXQG QRLVH RI WKH
UHFRUGHG VLJQDO 7KH :LHQHU ILOWHU LV EDVHG RQ D SULRUL 615
HVWLPDWLRQ WKH ILUVW  VHFRQGV RI WKH RULJLQDO FDOO WUDLQ LV
XWLOL]HG WR PRGHO WKH QRLVH DQG WKHQ WKH RULJLQDO FDOO WUDLQ LV
WUDQVIRUPHG LQWR WKH VKRUWWLPH )RXULHU WUDQVIRUP 67)7
GRPDLQ E\ XVLQJ D  RYHUODSSLQJ +DPPLQJ ZLQGRZ ZLWK D
1  VDPSOHV OHQJWK  PV 7KH WLPHGRPDLQ ZDYHIRUPV RI
SDUWLDO RULJLQDO DQG GHQRLVHG IDOVH NLOOHU ZKDOH FDOO WUDLQV DUH
VKRZQ LQ )LJ D DQG WKHLU 7) VSHFWURJUDPV DUH VKRZQ LQ )LJ
E DQG F UHVSHFWLYHO\ &RPSDULQJ )LJ D E DQG F LW
FDQ EH VHHQ WKDW WKH RFHDQ DPELHQW QRLVH KDV EHHQ ILOWHUHG RXW
HIIHFWLYHO\
)LJ  D 3DUW RI WKH RULJLQDO DQG GHQRLVHG IDOVH NLOOHU ZKDOH FDOO WUDLQV ZLWK QRUPDOL]HG DPSOLWXGH 1$ E 7) VSHFWURJUDP RI WKH RULJLQDO IDOVH NLOOHU ZKDOH FDOO
WUDLQ F 7) VSHFWURJUDP RI WKH GHQRLVHG IDOVH NLOOHU ZKDOH FDOO WUDLQ
7DEOH  6L[ W\SHV RI ZKLVWOHV
7\SH 'HVFULSWLRQ 1XPEHU
7\SH +\SHUEROLFOLNH XSVZHHS 
7\SH +\SHUEROLFOLNH GRXEOH XSVZHHS 
7\SH 3DUDEROLFOLNH XSVZHHS 
7\SH 3DUDEROLFOLNH GRZQVZHHS 
7\SH 6LQHOLNH 
7\SH +DUPRQLFOLNH GRZQVZHHS 
)LJ  6L[ W\SHV RI 7) VSHFWURJUDP DQG ZDYHIRUP UHSUHVHQWDWLRQV
7R DQDO\]H WKH 7) FKDUDFWHULVWLFV RI HYHU\ ZKLVWOH RI IDOVH
NLOOHU ZKDOHV WKH HQGSRLQW GHWHFWLRQ WHFKQLTXH LQ >@ EDVHG RQ
WKH VKRUWWLPH HQHUJ\ LV XVHG WR FROOHFW DOO ZKLVWOHV IURP WKH
GHQRLVHG FDOO WUDLQ DQG  ZKLVWOHV DUH REWDLQHG LQ WRWDO 7KHQ
E\ FRPSDULQJ WKH VKDSHV RI WKH 7) VSHFWURJUDPV RI ZKLVWOHV
WKH 7) VSHFWURJUDPV RI  ZKLVWOHV DUH FODVVLILHG LQWR VL[
GLVWLQFW W\SHV DUWLILFLDOO\ DV VKRZQ LQ 7DEOH  DQG )LJ 
$V FDQ EH VHHQ LQ 7DEOH  WKH 7\SH ZKLVWOHV FRQVWLWXWH
DERXW  RI DOO ZKLVWOHV 7KLV LQGLFDWHV WKDW LW LV PRUH
UHSUHVHQWDWLYH WR FRQVWUXFW WKH ELRQLF DQG GLVJXLVHG VRQDU VLJQDO
ZDYHIRUPV E\ LPLWDWLQJ WKH 7\SH ZKLVWOHV
,Q DGGLWLRQ DV VHHQ IURP )LJ  WKH 7) VKDSH RI 7\SH
ZKLVWOHV LV YHU\ VLPLODU WR WKDW RI WKH +)0 VLJQDO ZDYHIRUPV
7KHUHIRUH LQ WKH QH[W VHFWLRQ ZH SURSRVH D ELRQLF VRQDU VLJQDO
PRGHO EDVHG RQ WKH +)0 PRGHO
,,, %,21,& 621$5 6,*1$/ 02'(/
$ +)0 VLJQDO ZLWK D GXUDWLRQ 7 FDQ EH ZULWWHQ DV >@
     H[S  OQ  V /V W $ W M EI W W 7ES
ª º§ ·  d d¨ ¸« »© ¹¬ ¼ 
ZKHUH     / + / +E I I I I 7  GHILQHV D XQLTXH VZHHS IDFWRU
DQG  $ W GHQRWHV WKH VLJQDO HQYHORSH 7KH LQVWDQWDQHRXV
IUHTXHQF\ LV GHILQHG DV
    ,Q   /V / /
II W EI WW E EI W
w ª º   « »w ¬ ¼ 
2EYLRXVO\  VI W LV D K\SHUEROLF IXQFWLRQ RI WLPH W  7KH
VWDUW IUHTXHQF\  VI DQG WKH HQG IUHTXHQF\  VI 7 DUH /I
DQG +I  UHVSHFWLYHO\ &OHDUO\ WKH FXUYDWXUH RI WKH +)0 VLJQDO
ZDYHIRUP RQO\ GHSHQGV RQ LWV IUHTXHQF\ UDQJH DQG GXUDWLRQ
+RZHYHU ZKHQ WU\LQJ WR ILW WKH 7) VKDSH RI WKH 7\SH
ZKLVWOH XVLQJ WKH +)0 VLJQDO ZDYHIRUP ZH ILQG WKDW WKHUH
H[LVWV D FOHDU PLVPDWFK EHWZHHQ WKHP DV VKRZQ LQ )LJ  7KLV
PLVPDWFK LV FDXVHG E\ WKH GLIIHUHQW FXUYDWXUHV EHWZHHQ WKH
7\SH ZKLVWOH DQG WKH +)0 VLJQDO ZDYHIRUP +RZHYHU RQFH
WKH IUHTXHQF\ UDQJH DQG WKH GXUDWLRQ RI DQ +)0 VLJQDO
ZDYHIRUP DUH IL[HG LWV FXUYDWXUH FDQQRW EH FKDQJHG DQ\ PRUH
)LJ  7) VSHFWURJUDPV RI 7\SH ZKLVWOH DQG +)0
7R KDYH D FORVH PDWFK WR WKH WUXH ZKLVWOH EDVHG RQ WKH +)0
VLJQDO PRGHO D QRYHO ELRQLF VRQDU VLJQDO PRGHO LV SURSRVHG DV
IROORZV
     H[S  OQ  V / FV W $ W M EI W I W W 7ES
ª º§ ·   d d¨ ¸« »© ¹¬ ¼ 
ZKHUH FI SOD\V WKH SDUW RI WKH FDUULHU IUHTXHQF\ 7KH
LQVWDQWDQHRXV IUHTXHQF\ LV GHILQHG DV
    ,Q   /V / F F/
II W EI W I W IW E EI W
w ª º    « »w ¬ ¼ 
ZKLFK FRQWLQXRXVO\ DQG PRQRWRQLFDOO\ JRHV IURP WKH VWDUW
IUHTXHQF\  V / FI I I  WR WKH HQG IUHTXHQF\
 V + FI 7 I I  ZLWKLQ D SXOVH GXUDWLRQ LQ D K\SHUEROLF ZD\
7KH SURSRVHG ELRQLF VRQDU VLJQDO PRGHO LV HTXLYDOHQW WR WKH
+)0 VLJQDO PRGHO ZKHQ FI  DQG WKHUHIRUH PRUH JHQHUDO
0RVW LPSRUWDQWO\ GXH WR WKH LQWURGXFWLRQ RI FI W LQ  WKH
FXUYDWXUH RI WKH 7) VSHFWURJUDP RI  VV W QRZ GHSHQGV RQ LWV
IUHTXHQF\ UDQJH GXUDWLRQ DQG WKH SDUDPHWHU FI  :KHQ WKH
IUHTXHQF\ UDQJH DQG WKH GXUDWLRQ RI  VV W DUH IL[HG LWV
FXUYDWXUH FDQ EH DGMXVWHG E\ FKDQJLQJ FI  ZKLFK LV YHU\
LPSRUWDQW IRU XV WR LPLWDWH WKH 7) VKDSH RI WKH WUXH ZKLVWOH DV
FORVHO\ DV SRVVLEOH
)LJ  7) VSHFWURJUDPV RI  VV W 
)RU H[DPSOH WKH LQVWDQWDQHRXV IUHTXHQF\ FXUYHV RI  VV W
ZLWK WKUHH GLIIHUHQW FI SDUDPHWHUV WKH IUHTXHQF\ UDQJH IURP
 WR  +] DQG WKH GXUDWLRQ 7 PV  DUH VKRZQ LQ )LJ
 ,W FDQ EH VHHQ WKDW ZLWK WKH FKDQJH RI FI  WKH FXUYDWXUH RI WKH
7) VSHFWURJUDP RI  VV W FKDQJHV FRQVWDQWO\ 7KHUHIRUH RQH
FDQ LPLWDWH DQG PDWFK WKH 7) VKDSH RI WKH WUXH ZKLVWOH DV FORVHO\
DV SRVVLEOH E\ DGMXVWLQJ FI RQ WKH FRQGLWLRQ WKDW WKH IUHTXHQF\
UDQJH DQG WKH GXUDWLRQ DUH IL[HG
6R IDU WKH VLJQDO HQYHORSH  $ W KDV QRW EHHQ FRQVLGHUHG \HW
,W FDQ EH VHHQ IURP )LJV  DQG  WKDW GLIIHUHQW IURP WKH
FRQYHQWLRQDO VRQDU VLJQDO ZDYHIRUPV HJ &: /)0 +)0
WKH ZKLVWOH HQYHORSHV DUH QRW UHFWDQJXODU DQG YDULHG ZLWK
GLIIHUHQW LUUHJXODULW\ IRU GLIIHUHQW ZKLVWOHV ,Q RUGHU WR ILW WKH
HQYHORSHV RI WKH ZKDOH ZKLVWOHV DQ HQYHORSH H[WUDFWLRQ PHWKRG
EDVHG RQ 67)7 LV SUHVHQWHG QH[W
)LUVWO\ WKH 67)7 RI WKH GHQRLVHG ZKLVWOHV LV FDOFXODWHG 7KH
GLVFUHWHWLPH VLJQDO  [ Q RI WKH GHQRLVHG ZKLVWOH FDQ EH
GHILQHG DV
     FRV[ Q D Q QI ª º¬ ¼ 
ZKHUH  D Q DQG  QI DUH WKH HQYHORSH DQG SKDVH RI  [ Q 
7KH 67)7 RI  [ Q LV GHILQHG DV
        H[S
Q
; [ Q Z Q M QW Z W Zf
 f
  ¦ 
ZKHUH  Z Q LV D +DPPLQJ ZLQGRZ ZLWK D 1VDPSOH OHQJWK
7KLV GHILQLWLRQ FDQ EH XQGHUVWRRG DQG YLVXDOL]HG E\ FXWWLQJ
 [ Q LQWR VPDOO VHJPHQWV ZLWK WKH ZLQGRZ IXQFWLRQ LQ WKH WLPH
GRPDLQ DQG  [ Q LV H[SHFWHG WR EH UHODWLYHO\ FRQVWDQW LQ
DPSOLWXGH DQG IUHTXHQF\ RYHU 1 VDPSOHV 7KHVH VHJPHQWV DUH
LQGH[HG ZLWK P DQG  [ Q LV DVVXPHG WR KDYH 0 VXFK VHJPHQWV
 P; Z LV WKH GLVFUHWH )RXULHU WUDQVIRUP ')7 IRU WKH PWK
VHJPHQW DQG WKH H[WUDFWHG HQYHORSH  UD Q RI  [ Q LV
REWDLQHG IURP  P; Z 
6HFRQGO\ WKH VWDUW WLPH SRLQW RI WKH PWK VHJPHQW LV
LQGH[HG E\ PW  WKH DPSOLWXGH RI  [ Q DW PW LV  P PD $W  
DQG WKH SHDN YDOXH RI  P; Z LV  PD[PS P$ ; Z  6LQFH
PS$ LV PRGXODWHG E\ WKH +DPPLQJ ZLQGRZ DQG ')7 DQ
DPSOLWXGH UHFRYHU\ IDFWRU U. LV UHTXLUHG WR UHVWRUH WKH
DPSOLWXGH RI WKH VHJPHQW 7KH +DPPLQJ ZLQGRZ LV GHILQHG DV
>@
> @   > @ FRV    Z Q Q 1 Q 1O O S    
ZLWK O   7KH ')7 RI > @Z Q LV
      : ' ' '1 1
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
ZKHUH
       H[S   VLQ   VLQ  ' M 1Z Z Z Z  
7KH DPSOLWXGH VSHFWUXP RI WKH +DPPLQJ ZLQGRZ LV
   
VLQ VLQ VLQ  
VLQ VLQ VLQ  
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8VLQJ WKH /ƍ+RVSLWDO UXOH WKH DPSOLWXGH RI WKH +DPPLQJ
ZLQGRZ DW Z  LV JLYHQ E\
 D: 1O 
6LQFH WKH DPSOLWXGH VSHFWUXP REWDLQHG IURP ')7 ZLOO EH
VFDOHG E\ WKH IDFWRU 1  LW LV QHFHVVDU\ WR PXOWLSO\ WKH UHVXOW
ZLWK  1 WR HOLPLQDWH WKH FRHIILFLHQW 1 LQ HTXDWLRQ 
7KHQ WKH DPSOLWXGH FRUUHFWLRQ IDFWRU RI WKH +DPPLQJ ZLQGRZ
LV
+. O 
7KH DPSOLWXGH FRUUHFWLRQ IDFWRU RI WKH ')7 LV
 '. 1 
7KHQ RQH FDQ REWDLQ WKH DPSOLWXGH UHFRYHU\ IDFWRU U. DV
 U + '. . . 1O  
)LQDOO\ OHW  U P U PSD . $W  DQG WKH DPSOLWXGH RI  U PD W
LV UHVWRUHG WR WKH VDPH OHYHO DV WKH ZKDOH ZKLVWOH HQYHORSH
8VLQJ WKH SLHFHZLVH FXELF +HUPLW LQWHUSRODWLRQ WR DGG WKH
UHPDLQLQJ SRLQWV RI  UD Q  WKH H[WUDFWHG HQYHORSH RI  [ Q LV
REWDLQHG
)LJ  7) GLDJUDP RI WKH 7\SH ZKDOH ZKLVWOH
)LJ  :DYHIRUP RI WKH 7\SH ZKDOH ZKLVWOH DQG WKH FRUUHVSRQGLQJ H[WUDFWHG
HQYHORSH
)LJ  D 7KH IDOVH NLOOHU ZKLVWOH $ E WKH 7) VSHFWURJUDP RI WKH IDOVH NLOOHU
ZKLVWOH $ F WKH FRQVWUXFWHG ELRQLF VRQDU VLJQDO ZDYHIRUP & G WKH 7)
VSHFWURJUDP RI WKH FRQVWUXFWHG ELRQLF VRQDU VLJQDO ZDYHIRUP H WKH IDOVH NLOOHU
ZKLVWOH % I WKH 7) VSHFWURJUDP RI WKH IDOVH NLOOHU ZKLVWOH % J WKH
FRQVWUXFWHG ELRQLF VRQDU VLJQDO ZDYHIRUP ' K WKH 7) VSHFWURJUDP RI WKH
FRQVWUXFWHG ELRQLF VRQDU VLJQDO ZDYHIRUP
7KH W\SH IDOVH NLOOHU ZKLVWOH VHH )LJ D ZDV VHOHFWHG WR
YHULI\ WKH HIIHFWLYHQHVV RI WKH HQYHORSH H[WUDFWLRQ PHWKRG
GHVFULEHG DERYH $V VKRZQ LQ )LJ  WKH ULGJH RI WKH
WKUHHGLPHQVLRQDO ' WLPHIUHTXHQF\ GLDJUDP RI  U PD W
EDVLFDOO\ FRLQFLGHV ZLWK WKH SRLQWV RI  U PD W  DQG WKH SRLQWV RI
 U PD W DUH VSDUVHU $IWHU LQWHUSRODWLRQ WKH H[WUDFWHG HQYHORSH
 UD Q DQG WKH ZDYHIRUP RI WKH ZKDOH ZKLVWOH DUH VKRZQ LQ )LJ
 ZKHUH LW FDQ EH VHHQ WKDW  UD Q PDWFKHV WKH HQYHORSH RI WKH
ZKDOH ZKLVWOH ZHOO
%DVHG RQ WKH ELRQLF VRQDU VLJQDO PRGHO SURSRVHG DERYH WKH
FRQVWUXFWLRQ RI  ELRQLF VRQDU VLJQDO ZDYHIRUPV
FRUUHVSRQGLQJ WR  7\SH ZKDOH ZKLVWOHV OLVWHG LQ 7DEOH  LV
DFKLHYHG )RU YLVXDOL]DWLRQ ZH FKRRVH WZR UHSUHVHQWDWLYH IDOVH
NLOOHU ZKLVWOHV $ DQG % SOHDVH VHH WKH WZR ZKLVWOHV LQ )LJ  D
WR VHUYH DV WKH UHIHUHQFH ZDYHIRUPV WR EH PDWFKHG DQG LPLWDWHG
7KH WUXH ZKLVWOHV DQG WKHLU 7) VSHFWURJUDPV DQG WKH
FRQVWUXFWHG ELRQLF VRQDU VLJQDO ZDYHIRUPV & DQG ' DQG WKHLU
7) VSHFWURJUDPV DUH VKRZQ LQ )LJ  ,W FDQ EH VHHQ WKDW WKH
FRQVWUXFWHG ELRQLF VRQDU VLJQDO ZDYHIRUPV FDQ KLJKO\ PDWFK
WKH WUXH ZKDOH ZKLVWOHV LQ WHUPV RI QRW RQO\ HQYHORSHV EXW DOVR
7) VSHFWURJUDPV
,9 7,0( 5(62/87,21 '233/(5 72/(5$1&( $1'
&5266&255(/$7,21 2) 7+( &216758&7(' %,21,& 621$5
6,*1$/ :$9()2506
7LPH UHVROXWLRQ FRUUHVSRQGLQJ WR UDQJH UHVROXWLRQ DQG
'RSSOHU WROHUDQFH UHODWHG WR 'RSSOHU UHVROXWLRQ DUH WZR NH\
LQGLFDWRUV IRU UDGDU DQG VRQDU VLJQDO ZDYHIRUP GHVLJQ >@
)RU VRQDU DSSOLFDWLRQV ZKHQ % Id  WKH VLJQDO LV
FRQVLGHUHG WR EH QDUURZEDQG >@ ZKHUH % LV WKH EDQGZLGWK
DQG I LV WKH FHQWHU IUHTXHQF\ RI WKH VLJQDO %DVHG RQ WKLV
FULWHULRQ LW FDQ EH YHULILHG WKDW DOO RI WKH  FRQVWUXFWHG ELRQLF
VRQDU VLJQDO ZDYHIRUPV DUH ZLGHEDQG 7KHUHIRUH WKH ZLGHEDQG
DPELJXLW\ IXQFWLRQ :$) LV XVHG WR H[DPLQH WKH WLPH
UHVROXWLRQ DQG 'RSSOHU WROHUDQFH >@
      V:$) V W V W GWD W D D W ³ 
ZKHUH        F Y F Y Y FD    |  LV WKH 'RSSOHU VFDOH
IDFWRU  5 FW  LV WKH SURSDJDWLRQ WLPH GHOD\ 5 LV WKH WDUJHW
UDQJH RU GLVWDQFH µ¶ LV WKH FRPSOH[ FRQMXJDWH RSHUDWRU Y LV
WKH UHODWLYH VSHHG EHWZHHQ WKH VRQDU V\VWHP DQG WKH WDUJHW DQG
F LV WKH VRXQG VSHHG LQ ZDWHU
)LJ  5DQJH UHVROXWLRQ DQG 'RSSOHU WROHUDQFH RI WKH  FRQVWUXFWHG ELRQLF
VRQDU VLJQDO ZDYHIRUPV
7KH UDQJH UHVROXWLRQ FRUUHVSRQGLQJ WR WKH WLPH UHVROXWLRQ
DQG VSHHG WROHUDQFH FRUUHVSRQGLQJ WR WKH 'RSSOHU WROHUDQFH RI
WKH  FRQVWUXFWHG ELRQLF VRQDU VLJQDO ZDYHIRUPV DUH FRPSXWHG
DQG WKH UHVXOWV DUH VKRZQ LQ )LJ 
,W FDQ EH VHHQ WKDW DOO WKH FRQVWUXFWHG ELRQLF VRQDU VLJQDO
ZDYHIRUPV KDYH H[FHOOHQW UDQJH UHVROXWLRQ DQG VSHHG WROHUDQFH
KRZHYHU WKHLU :$) KDV FHUWDLQ FRXSOLQJ LQ WKH WLPH'RSSOHU
SODQH )RU YLVXDOL]DWLRQ WKH :$) RI WKH FRQVWUXFWHG ELRQLF
VRQDU VLJQDO ZDYHIRUP & FRUUHVSRQGLQJ WR ZKLVWOH $ LQ )LJ D
LV SURYLGHG LQ )LJ 
)LJ  :$) GLDJUDP RI WKH VRQDU VLJQDO &
,W LV ZHOONQRZQ WKDW D JRRG WLPH UHVROXWLRQ PHDQV WKDW D
VRQDU VLJQDO ZDYHIRUP FDQ EH XVHG IRU KLJKDFFXUDF\ UDQJH
PHDVXUHPHQW RI WDUJHWV ZKLOH D JRRG 'RSSOHU UHVROXWLRQ
DOORZV KLJKDFFXUDF\ VSHHG PHDVXUHPHQW RI WDUJHWV 2Q WKH
FRQWUDU\ D JRRG 'RSSOHU WROHUDQFH PHDQV WKDW WKH VRQDU VLJQDO
ZDYHIRUP LV LQVHQVLWLYH WR WKH UHODWLYH PRYHPHQW EHWZHHQ WKH
VRQDU V\VWHP DQG WKH WDUJHW DQG WKHUHIRUH D ORZ VSHHG
UHVROXWLRQ %DVHG RQ WKH DERYH DQDO\VLV DQG UHVXOWV RQH FDQ
NQRZ WKDW D VLQJOH FRQVWUXFWHG ELRQLF VRQDU VLJQDO ZDYHIRUP
FDQ EH XVHG IRU DFKLHYLQJ KLJK UDQJH UHVROXWLRQ DQG UHVROYLQJ
PXOWLSOH FORVHO\ ORFDWHG WDUJHWV EXW FDQQRW EH XVHG IRU KLJK
VSHHG UHVROXWLRQ ,Q RUGHU WR VROYH WKLV VSHHG PHDVXUHPHQW
LVVXH D VSHHG HVWLPDWLRQ PHWKRG WKURXJK D FRPELQDWLRQ RI WZR
FRQVWUXFWHG ELRQLF VRQDU VLJQDO ZDYHIRUPV ZLWK ORZ
FURVVFRUUHODWLRQ EHWZHHQ WKHP LV SURSRVHG QH[W
7KH  FRQVWUXFWHG ELRQLF VRQDU VLJQDO ZDYHIRUPV FDQ EH XVHG
WR IRUP  &  FRPELQDWLRQV 7KHQ WKH FURVVFRUUHODWLRQ
EHWZHHQ WZR FRQVWUXFWHG ELRQLF VRQDU VLJQDO ZDYHIRUPV LQ HDFK
FRPELQDWLRQ LV FDOFXODWHG :LWK D WKUHVKROG YDOXH RI  IRU WKH
FURVVFRUUHODWLRQ  FRPELQDWLRQV DUH REWDLQHG DQG WKHUHIRUH
FDQ EH XVHG WR PHDVXUH WKH VSHHG RI WDUJHWV XVLQJ WKH IROORZLQJ
PHWKRG
963((' $1' 5$1*( (67,0$7,21
$(IIHFW RI 'RSSOHU RQ VRQDU VLJQDO ZDYHIRUPV
%HIRUH SUHVHQWLQJ WKH UDQJH DQG VSHHG HVWLPDWLRQ PHWKRGV
ZH ILUVW UHYLHZ WKH HIIHFW RI 'RSSOHU RQ VRQDU VLJQDO
ZDYHIRUPV
:KHQ D WUDQVPLWWHG VRQDU VLJQDO DUULYHV DW D PRYLQJ WDUJHW
ZLWK D FRQVWDQW VSHHG LW LV UHIOHFWHG EDFN E\ WKH WDUJHW DQG WKH
UHWXUQ HFKR VLJQDO ZLOO EH 'RSSOHUGLVWRUWHG ZKLFK PHDQV WKH
GXUDWLRQ RI WKH UHWXUQ HFKR VLJQDO ZLOO EH FRPSUHVVHG RU
VWUHWFKHG DQG LWV IUHTXHQF\ UDQJH ZLOO EH VKLIWHG > @
6XSSRVH WKDW WKH UHODWLYH VSHHG EHWZHHQ WKH VRQDU V\VWHP DQG
WKH WDUJHW LV Y ZKHUH Y !  IRU PRYLQJ DZD\ IURP WKH WDUJHW
DQG Y  IRU PRYLQJ WRZDUGV WKH WDUJHW DQG WKH LQLWLDO UDQJH
RI WKH WDUJHW LV 5  WKH UHWXUQ HFKR VLJQDO IURP WKH WDUJHW FDQ EH
H[SUHVVHG DV
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,JQRULQJ QRLVH DQG SURSDJDWLRQ ORVV WKH LQVWDQWDQHRXV
IUHTXHQF\ RI  UV W LV ZULWWHQ DV
   OQ   /U / F F/
II W EI W I W IW E EI W
DD D DD
w ª º    « »w ¬ ¼ 
:H GHILQH WZR QHZ SDUDPHWHUV I' DQG W' DV
     F FI I YI F YD'      
         / + + /W EI YI 7 F Y I ID D'      
&RPELQLQJ  DQG  WKH IROORZLQJ UHODWLRQVKLS FDQ
EH REWDLQHG
   U VI W I W W I  '  ' 
(TXDWLRQ  LQGLFDWHV WKDW WKH LQVWDQWDQHRXV IUHTXHQF\ RI
WKH UHWXUQ HFKR VLJQDO  UV W FDQ EH REWDLQHG WKURXJK VKLIWV LQ
WLPH DQG IUHTXHQF\ D[LV RI WKH WUDQVPLWWHG VRQDU VLJQDO  VV W 
DV VKRZQ LQ )LJ 
)LJ  7LPH GHOD\ DQG IUHTXHQF\ VKLIW RI WKH VRQDU VLJQDO ZDYHIRUP
+RZHYHU VLQFH WKH GXUDWLRQ RI VLJQDO LV FKDQJHG E\ WKH
FRPSUHVVLRQ RU VWUHWFKLQJ FDXVHG E\ WKH 'RSSOHU HIIHFW WKHUH LV
D SDUWLDO RYHUODS EHWZHHQ WKH 7) VSHFWURJUDP RI  UV W DQG WKDW
RI WKH VKLIWHG  VV W LQ WLPH DQG IUHTXHQF\ ,Q )LJ  DIWHU
 VV W LV VKLIWHG E\ I' DQG W'  D VHJPHQW RI WKH 7)
VSHFWURJUDP IURP SRLQW D WR SRLQW E RI  VV W EHFRPHV
FRLQFLGHQW ZLWK SDUW IURP SRLQW F WR SRLQW G RI  UV W  DQG IRU
WKLV FDVH WKHUH DSSHDUV D PD[LPXP FURVVFRUUHODWLRQ SHDN
EHWZHHQ  VV W DQG  UV W 
,Q DGGLWLRQ  VI W W ' GRHV QRW FKDQJH WKH VKDSH RI WKH 7)
VSHFWURJUDP RI  VI W  DQG RQO\ FDXVHV D VKLIW RI WKH VSHFWURJUDP
DORQJ WKH WLPH D[LV ,Q RWKHU ZRUGV WKH 'RSSOHU PLVPDWFK RI
 UV W LV RQO\ FDXVHG E\ I' DFFRUGLQJ WR  7KHUHIRUH WR
VROYH WKH PLVPDWFK LVVXH EHWZHHQ  VV W DQG  UV W  DQG WKHQ
REWDLQ D PD[LPXP FURVVFRUUHODWLRQ SHDN EHWZHHQ  VV W DQG
 UV W  ZH RQO\ QHHG WR DFFXUDWHO\ FRPSHQVDWH I' WKURXJK WKH
VKLIW RI FDUULHU IUHTXHQF\ FI 
% 6SHHG DQG UDQJH HVWLPDWLRQ
,Q WKH SURSRVHG PHWKRG ZH XVH D VLQJOH VLJQDO ZDYHIRUP WR
PHDVXUH WKH UDQJH RI WKH WDUJHW DQG D FRPELQDWLRQ RI WZR VLJQDO
ZDYHIRUPV ZLWK ORZ FURVVFRUUHODWLRQ EHWZHHQ WKHP WR
HVWLPDWH WKH VSHHG RI WKH WDUJHW DV VKRZQ LQ )LJ 
)LJ  'RSSOHU VSHHG PHDVXUHPHQW SULQFLSOH ZKHQ WKH VRQDU V\VWHP DQG WKH
WDUJHW PRYH LQ RSSRVLWH GLUHFWLRQV
%DVHG RQ WKH 'RSSOHU VSHHG PHDVXUHPHQW SULQFLSOH WKH
IROORZLQJ UHODWLRQVKLS FDQ EH REWDLQHG
   U W W WF Y7 7 7 Y F 7F Y D 
  |  
ZKHUH W7 LV WKH WLPH GLIIHUHQFH EHWZHHQ WKH WUDQVPLWWHG
ZDYHIRUP &   V &V W DQG ZDYHIRUP '   V 'V W  U7 LV WKH WLPH
GLIIHUHQFH EHWZHHQ WKH UHWXUQ HFKR   H & WV RI ZDYHIRUP & DQG
WKH UHWXUQ HFKR   H ' WV RI ZDYHIRUP '
)XUWKHU EDVHG RQ  WKH VSHHG RI WKH WDUJHW FDQ EH
HVWLPDWHG WKURXJK
   W UY 7 7 F 7|   
,Q RUGHU WR REWDLQ DQ DFFXUDWH HVWLPDWH Yc RI WKH VSHHG Y  D
JRRG HVWLPDWH U7 c IRU U7 QHHGV WR EH REWDLQHG ,Q WKH IROORZLQJ
D WKUHHVWHS HVWLPDWLRQ SURFHVV RI U7 c LV SUHVHQWHG
)LUVW 6WHS $VVXPH WKDW DW WLPH W  WKH HQG RI WKH UHWXUQ HFKR
RI ZDYHIRUP & DUULYHV DW WKH VRQDU UHFHLYHU DW WLPH W  WKH HQG
RI WKH UHWXUQ HFKR RI ZDYHIRUP ' DUULYHV DW WKH VRQDU UHFHLYHU
WKH WLPH GLIIHUHQFH EHWZHHQ WKH HQG RI ZDYHIRUP & DQG WKH HQG
RI ZDYHIRUP ' LV W7  WKH WLPH GLIIHUHQFH EHWZHHQ WKH HQG RI WKH
UHWXUQ HFKR RI ZDYHIRUP & DQG WKH HQG RI WKH UHWXUQ HFKR RI
ZDYHIRUP ' LV U7  7KHQ
 U7 W W  
W FDQ EH HVWLPDWHG WKURXJK WKH FURVVFRUUHODWLRQ SHDN
EHWZHHQ ZDYHIRUP & DQG LWV UHWXUQ HFKR VLJQDO DQG WKH
HVWLPDWLRQ LV GHQRWHG E\   & &W I'  ZKLFK LV D IXQFWLRQ RI &I' 
/LNHZLVH W FDQ EH HVWLPDWHG WKURXJK WKH FURVVFRUUHODWLRQ
SHDN EHWZHHQ ZDYHIRUP ' DQG LWV UHWXUQ HFKR VLJQDO DQG WKH
HVWLPDWLRQ LV GHQRWHG E\   ' 'W I' 
7KH DFFXUDF\ RI   & &W I' GHSHQGV RQ WKH GHJUHH RI PLVPDWFK
EHWZHHQ ZDYHIRUP & DQG LWV UHWXUQ HFKR VLJQDO ZKHQ WKH
GHJUHH RI PLVPDWFK LV ODUJH WKH DFFXUDF\ RI   & &W I' ZLOO EH
ORZ RQ WKH FRQWUDU\ WKH EHWWHU WKH PLVPDWFK LV FRPSHQVDWHG
WKH PRUH DFFXUDF\ RI   & &W I' ZLOO EHFRPH 7KH VDPH LV WUXH
IRU   ' 'W I' 
0HDQZKLOH WKH IROORZLQJ UHODWLRQVKLSV FDQ EH REWDLQHG
 
 
   > 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ZKHUH U7 LV D FRDUVH HVWLPDWLRQ RI U7 ZLWKRXW FRPSHQVDWLRQ RI
WKH 'RSSOHU HIIHFW &W' DQG 'W' DUH WKH WLPH VKLIWV
FRUUHVSRQGLQJ WR ZDYHIRUPV & DQG ' UHVSHFWLYHO\ &I' DQG
'I' DUH WKH FRUUHVSRQGLQJ IUHTXHQF\ VKLIWV $QG &W' DQG 'W'
DUH REWDLQHG E\  DQG  EDVHG RQ    Y FD |  DQG
    / + / +E I I I I 7  
       & & & & && / + & / +W E I I 7 I ID D D D'      
       ' ' ' '' / + ' / +W E I I 7 I ID D D D'      
ZKHUH     & & & && &/ + / +E I I I I 7       ' ' ' '' '/ + / +E I I I I 7  
&/I DQG &+I DUH WKH VWDUW IUHTXHQF\ DQG WKH HQG IUHTXHQF\ RI
ZDYHIRUP & UHVSHFWLYHO\ '/I DQG '+I DUH WKRVH RI ZDYHIRUP
' &7 LV WKH GXUDWLRQ RI ZDYHIRUP & DQG '7 LV WKH GXUDWLRQ RI
ZDYHIRUP '
&I' DQG 'I' DUH REWDLQHG E\  DQG  EDVHG RQ 
 & F &I ID'  
 ' F 'I ID'  
ZKHUH F &I DQG F 'I DUH WKH SDUW RI FDUULHU IUHTXHQFLHV
FRUUHVSRQGLQJ WR ZDYHIRUPV & DQG ' UHVSHFWLYHO\
6LQFH &I' DQG 'I' DUH IXQFWLRQV DERXW D  DQG &W' DQG
'W' DUH DOVR IXQFWLRQV DERXW D   FDQ EH UHZULWWHQ DV
     >> @ @  >      @' ' & &U ' &7 W I W I W WD D D D '  ' ' ' 
ZKHUH D GHQRWHV WKH WUXH 'RSSOHU VFDOH IDFWRU FDXVHG E\ WKH
UHODWLYH VSHHG Y 
6LQFH D LV XQNQRZQ WKH YDOXHV RI  &W D' DQG  'W D'
FDQQRW EH REWDLQHG \HW &RQVLGHULQJ WKDW ERWK ZDYHIRUPV & DQG
' KDYH H[FHOOHQW 'RSSOHU WROHUDQFH URXJK HVWLPDWLRQV U7 RI
U7 FDQ EH REWDLQHG E\ LJQRULQJ  &W D' DQG  'W D' 
   >  @ >  @' ' & &U7 W I W ID D' '  
 >  @& &W I D' FDQ EH HVWLPDWHG E\ FRPSXWLQJ WKH
FURVVFRUUHODWLRQ EHWZHHQ ZDYHIRUP & DQG LWV UHWXUQ DQG
 >  @' 'W I D' FDQ EH HVWLPDWHG LQ WKH VDPH ZD\ 0RVW
LPSRUWDQWO\ WKH HVWLPDWHG  >  @& &W I D' LV FRDUVH GXH WR D ODUJH
PLVPDWFK EHWZHHQ ZDYHIRUP & DQG LWV UHWXUQ 7KH VDPH LV WUXH
IRU  >  @' 'W I D' 
6XEVWLWXWLQJ  LQWR  D FRDUVH HVWLPDWH D IRU D FDQ
EH REWDLQHG
  U W7 7D  
6HFRQG 6WHS 6XEVWLWXWLQJ D LQWR    DQG 
ZH FDQ REWDLQ FRDUVH HVWLPDWLRQV  &W D'   'W D' 
 &I D' DQG  'I D' IRU  &W D'   'W D'   &I D'
DQG  'I D'  UHVSHFWLYHO\
*LYHQ  DQG UHOHYDQW UHVXOWV LQ 6HFWLRQ 9$ DIWHU
ZDYHIRUP &   V & WV LV VKLIWHG E\  &I D'    V & WV EHFRPHV
   V & WV
   
 H[S>   OQ    @  & / F & &&&V & FE$ W M E I W I W I WV W S D  ' 
DQG WKH PDWFKLQJ EHWZHHQ    V &V W DQG   H &V W ZLOO EH EHWWHU
WKDQ WKDW EHWZHHQ   V &V W DQG   H &V W  EHFDXVH SDUW RI WKH
FDUULHU IUHTXHQF\ LV FRPSHQVDWHG SUHOLPLQDULO\ ,Q RWKHU ZRUGV
WKH FURVVFRUUHODWLRQ SHDN EHWZHHQ    V &V W DQG   H &V W ZLOO EH
ODUJHU DQG PRUH DFFXUDWH WKDQ WKH FURVVFRUUHODWLRQ SHDN
EHWZHHQ   V &V W DQG   H &V W  /LNHZLVH WKH FURVVFRUUHODWLRQ
SHDN EHWZHHQ    V 'V W DQG   H 'V W ZLOO EH ODUJHU WKDQ WKDW
EHWZHHQ   V 'V W DQG   H 'V W 
)XUWKHU DVVXPH WKDW WKH HVWLPDWHG WLPH FRUUHVSRQGLQJ WR WKH
FURVVFRUUHODWLRQ SHDN EHWZHHQ WKH ZDYHIRUP    V &V W DQG WKH
UHWXUQ HFKR   H &V W RI ZDYHIRUP & LV  >  @& &W I D'  DQG WKH
HVWLPDWHG WLPH FRUUHVSRQGLQJ WR WKH FURVVFRUUHODWLRQ SHDN
EHWZHHQ WKH ZDYHIRUP    V 'V W DQG WKH UHWXUQ HFKR   H 'V W RI
ZDYHIRUP ' LV  >  @' &W I D'  $FFRUGLQJ WR  RQH FDQ
REWDLQ
     >    @>  @ >  @' ' & & ' &U W I W I7 W WD DD D' ' ' '   
%HFDXVH  >  @& &W I D' DQG  >  @' &W I D' DUH PRUH DFFXUDWH
WKDQ  >  @& &W I D' DQG  >  @' &W I D'  UHVSHFWLYHO\ DQG WKH
FRDUVH HVWLPDWLRQV  &W D' DQG  'W D' RI  &W D' DQG
 'W D' FDQ EH FRPSXWHG E\ WKH HVWLPDWHG D VHH  RQH
FDQ REWDLQ D PRUH DFFXUDWH HVWLPDWLRQ U7 RI U7 WKDQ U7 EDVHG
RQ 
7KHQ VLPLODU WR  D PRUH DFFXUDWH HVWLPDWLRQ YDOXH D
WKDQ D FDQ EH REWDLQHG
  U W7 7D  
7KLUG 6WHS 6LPLODU WR WKH SURFHVVLQJ SURFHGXUH DERYH WKH
6HFRQG 6WHS D PRUH DFFXUDWH HVWLPDWLRQ U7 WKDQ U7 FDQ EH
REWDLQHG
     >    @>  @ >  @' ' & & ' &U W I W I7 W WD DD D' ' ' '   
$QG D PRUH DFFXUDWH HVWLPDWLRQ D WKDQ D LV JLYHQ E\
  U W7 7D  
5HSHDWLQJ WKH DERYH SURFHVV PXOWLSOH WLPHV RQH FDQ REWDLQ
        >    @>  @ >  @' ' & & ' &U1 1 1 1 1W I W I7 W WD DD D   ' ' ' '   
1 U1 W7 7D  
7KH ODUJHU 1 LV WKH FORVHU U1 U7 7 c DQG 1D DUH WR U7 DQG
D  UHVSHFWLYHO\ DQG 1 FDQ EH GHFLGHG DFFRUGLQJ WR WKH
HVWLPDWLRQ HUURU UHTXLUHPHQW 7KLV LV DQ LWHUDWLYH SURFHVV DQG
WKH HVWLPDWLRQ DFFXUDF\ LPSURYHV DV WKH QXPEHU RI LWHUDWLRQV
LQFUHDVHV
)LQDOO\ EDVHG RQ  WKH VSHHG RI WKH WDUJHW FDQ EH
HVWLPDWHG
   W U1 WY 7 7 F 7c |  
7KH HVWLPDWLRQ YDOXH 5 c IRU UDQJH 5 FDQ EH REWDLQHG E\
   ^  @ `  > && 1W I5 W FD 'c |  
ZKHUH W GHQRWHV WKH WLPH LQVWDQW WKDW WKH HQG RI ZDYHIRUP & LV
VHQW RXW IURP WKH VRQDU V\VWHP
9, 3266,%/( &$028)/$*( $33/,&$7,21 675$7(*<
,Q D UHDO ZRUOG IDOVH NLOOHU ZKDOHV FDQ SURGXFH YDULRXV FOLFNV
DQG ZKLVWOHV IURP WLPH WR WLPH >@ ,I WKH VRQDU V\VWHP RQO\
WUDQVPLWV WKH VDPH FRPELQDWLRQ FRPSRVHG RI WZR ELRQLF VRQDU
VLJQDO ZDYHIRUPV IURP WLPH WR WLPH WKH ODFN RI GLYHUVLW\ ZLOO
JHQHUDWH DQ REYLRXV UHSHWLWLYH IHDWXUH GLVWLQFWLYH IURP WKDW RI D
WUXH IDOVH NLOOHU ZKDOH 7KLV LV EHFDXVH WKDW WKH ELRQLF VRQDU
VLJQDO ZDYHIRUPV DUH RQO\ FRQVWUXFWHG DFFRUGLQJ WKH ZKLVWOHV
RI IDOVH NLOOHU ZKDOHV LQVWHDG RI FOLFNV
,Q RUGHU WR VROYH WKH DERYH LVVXHV DQG LPSURYH WKH
FDPRXIODJH DELOLW\ RI WDUJHW GHWHFWLRQ SURFHVV D SRVVLEOH
FDPRXIODJH DSSOLFDWLRQ VWUDWHJ\ LV GHVLJQHG DV VKRZQ LQ )LJ

)LJ  3RVVLEOH FDPRXIODJH DSSOLFDWLRQ VWUDWHJ\
,Q )LJ  :  :  : DQG : DUH WKH ELRQLF VRQDU VLJQDO
ZDYHIRUPV : DQG : IRUP D FRPELQDWLRQ : DQG :
IRUP DQRWKHU RQH DQG WKHVH FRPELQDWLRQV DUH XVHG WR HVWLPDWH
WKH UDQJH DQG VSHHG RI WDUJHWV EDVHG RQ WKH PHDVXUHPHQW
SULQFLSOH LQ 6HFWLRQ 9% :  :  :  :  : DQG : DUH
WKH WUXH IDOVH NLOOHU ZKDOH FOLFNV DQG :  : DQG :1 DUH WKH
WUXH IDOVH NLOOHU ZKDOH ZKLVWOHV VHOHFWHG UDQGRPO\ IURP 7\SH
7\SH 7\SH 7\SH RU 7\SH 7KHVH FOLFNV DQG ZKLVWOHV
DUH XVHG WR GLVJXLVH WKH FRQVWUXFWHG ELRQLF VRQDU VLJQDO
ZDYHIRUPV DQG FDOOHG ³FDPRXIODJH FORDN´ 1R FOLFN LV SUHVHQW
EHWZHHQ WZR FRQVWUXFWHG ELRQLF VRQDU VLJQDO ZDYHIRUPV ZKLFK
IRUP D FRPELQDWLRQ VXFK DV EHWZHHQ : DQG :  %XW RQH RU
PRUH FOLFNV FDQ EH DGGHG EHWZHHQ RQH ELRQLF VRQDU VLJQDO
ZDYHIRUP DQG DQRWKHU WUXH ZKLVWOH VXFK DV : DQG :  RU
EHWZHHQ WZR WUXH ZKLVWOHV VXFK DV : DQG : 
$FFRUGLQJ WR WKH DERYH FDPRXIODJH DSSOLFDWLRQ VWUDWHJ\ RQH
FDQ NQRZ WKDW DOO FRQVWUXFWHG ELRQLF VRQDU VLJQDO ZDYHIRUPV
DOO WUXH ZKLVWOHV DQG DOO FOLFNV DUH GLIIHUHQW IURP HDFK RWKHU
7KDW LV WR VD\ WKHUH LV QR REYLRXV UHSHWLWLYH IHDWXUH LQ WKH VLJQDO
SXOVH VHTXHQFH LQ )LJ  ZKLFK FDQ LPSURYH WKH FDPRXIODJH
DELOLW\ RI WKH VRQDU VLJQDO VHTXHQFH ,Q DGGLWLRQ RWKHU W\SHV RI
ZKLVWOHV QDPHO\ 7S\H 7S\H 7S\H 7S\H DQG 7S\H
DQG GLIIHUHQW WUXH FOLFNV DUH XVHG LQ WKH VRQDU VLJQDO VHTXHQFH LQ
)LJ ZKLFK FDQ LQFUHDVH WKH GLYHUVLW\ RI ZKLVWOHV DQG FOLFNV
DQG IXUWKHU LPSURYH WKH FDPRXIODJH DELOLW\ RI WKH VRQDU VLJQDO
VHTXHQFH ,W FDQ EH VHH IURP )LJ WKDW WKH VRQDU VLJQDO
VHTXHQFH LV YHU\ FORVH WR WKH WUXH FDOO WUDLQ RI IDOVH NLOOHU
ZKDOHV
6LQFH WKHUH DUH QR FOLFNV EHWZHHQ WKH WZR FRQVWUXFWHG ELRQLF
VRQDU VLJQDO ZDYHIRUPV ZKLOH WKHUH DUH RQH RU PXOWLSOH FOLFNV
EHWZHHQ WKH ELRQLF VRQDU VLJQDO ZDYHIRUP DQG DQRWKHU WUXH
ZKLVWOH RU EHWZHHQ WZR WUXH ZKLVWOHV WKH WZR FRQVWUXFWHG
ELRQLF VRQDU VLJQDO ZDYHIRUPV FDQ EH LGHQWLILHG DQG GHFRGHG
ZKHQ WKHUH DUH QR FOLFNV EHWZHHQ WZR ORQJGXUDWLRQ FDOO SXOVHV
QDPHO\ ELRQLF ZKLVWOH RU WUXH ZKLVWOH )RU YLVXDOL]DWLRQ D
VHJPHQW RI D FRQVWUXFWHG ELRQLF VRQDU VLJQDO VHTXHQFH LV VKRZQ
LQ )LJ 
)LJ  D 7KH 7) VSHFWURJUDP RI WKH WUXH FDOO WUDLQ E WKH 7) VSHFWURJUDP RI WKH FRQVWUXFWHG ELRQLF VRQDU VLJQDO VHTXHQFH
2Q WKH RQH KDQG WKH FRQVWUXFWHG ELRQLF VRQDU VLJQDO
ZDYHIRUPV DUH YHU\ FORVH WR WKH WUXH IDOVH NLOOHU ZKDOH ZKLVWOHV
LQ WHUPV RI WLPH GRPDLQ ZDYHIRUP IUHTXHQF\ GLVWULEXWLRQ DQG
7) GLVWULEXWLRQ RQ WKH RWKHU KDQG FRPSO\LQJ ZLWK WKH
FKDUDFWHULVWLF RI WKH LQWHUSXOVH LQWHUYDO RI WKH IDOVH NLOOHU ZKDOH
WUXH FDOO WUDLQ WKH FRQVWUXFWHG ELRQLF VRQDU VLJQDO ZDYHIRUPV
DQG WKH ³FDPRXIODJH FORDN´ DUH IRUPHG LQWR D QHZ VRQDU VLJQDO
VHTXHQFH ZKLFK HQVXUHV WKDW WKH LQWHUSXOVH LQWHUYDO RI WKH
FRQVWUXFWHG VRQDU VLJQDO VHTXHQFH LV FRQVLVWHQW ZLWK WKH IDOVH
NLOOHU ZKDOH WUXH FDOO WUDLQ
7KH FRQYHQWLRQDO PHWKRGV DFKLHYH WKH FRYHUW RSHUDWLRQ IRU
DFWLYH VRQDU GHWHFWLRQ E\ UHGXFLQJ WKH 615 RI WKH WUDQVPLWWHG
VRQDU VLJQDOV 7KLV LV EHFDXVH WKDW LW LV YHU\ GLIILFXOW IRU WKH
HQHP\¶V LQWHUFHSWLRQ V\VWHPV WR GHWHFW WKH ORZ 615 VLJQDOV
+RZHYHU WKH SURSRVHG PHWKRG DFKLHYHV WKH FRYHUW RSHUDWLRQ
WKURXJK FDPRXIODJH VWUDWHJ\ 7KDW LV WR VD\ EDVHG RQ WKH IDFW
WKDW WKH SUHVHQW LQWHUFHSWLRQ V\VWHPV DOPRVW DOZD\V FODVVLI\
ELRORJLFDO VLJQDOV DV RFHDQ QRLVH DQG WU\ WR ILOWHU WKHP RXW
>@ WKH SURSRVHG PHWKRG XVHV WKH FRQVWUXFWHG ELRQLF VRQDU
VLJQDO ZDYHIRUPV WKH\ DUH YHU\ OLNH WKH WUXH ZKDOH FDOO WR VHUYH
DV WKH VRQDU VLJQDOV DQG WKXV DFKLHYHV WKH FRYHUW RSHUDWLRQ
WKURXJK FDPRXIODJH VWUDWHJ\ )XUWKHU E\ HPSOR\LQJ WKH
SURSRVHG ELRQLF VRQDU VLJQDO ZDYHIRUPV DOWKRXJK KLJK 615
VRQDU VLJQDOV KDYH WR EH XVHG IRU ORQJ UDQJH GHWHFWLRQ WKH
FRYHUWQHVV RI WKH V\VWHP ZLOO QRW EH DIIHFWHG VLJQLILFDQWO\ 2Q WKH
RWKHU KDQG ZKHQ IDFLQJ D VKRUW UDQJH WDUJHW GHWHFWLRQ WDVN WKH
V\VWHP FDQ DFKLHYH IXUWKHU LPSURYHG FRYHUWQHVV E\ UHGXFLQJ WKH
615 RI WKH WUDQVPLWWHG ELRQLF VRQDU VLJQDOV VLPLODU WR WKH
SULQFLSOH RI FRQYHQWLRQDO PHWKRGV ZKLFK XVH ORZ 615 VLJQDOV
IRU FRYHUW RSHUDWLRQ
,W LV QRWHZRUWK\ WKDW DOWKRXJK QR FOLFN LV SODFHG EHWZHHQ WZR
FRQVWUXFWHG ELRQLF VRQDU VLJQDO ZDYHIRUPV WKLV GRHV QRW DIIHFW
WKH FDPRXIODJH SHUIRUPDQFH RI WKH FRQVWUXFWHG ELRQLF VRQDU
VLJQDO ZDYHIRUP WKLV LV EHFDXVH WKDW LQ WKH WUXH IDOVH NLOOHU ZKDOH
FDOO WUDLQV WKHUH H[LW VLPLODU ZKLVWOH ZDYHIRUPV EHWZHHQ ZKLFK
WKHUH LV QR FOLFN PHDQZKLOH WKHUH DUH DOVR PDQ\ ZKLVWOH
ZDYHIRUPV EHWZHHQ ZKLFK WKHUH LV RQH RU PXOWLSOH FOLFNV
9,, 5(0$5.6
:KDW LV QRWHZRUWK\ LV WKDW WKH SURSRVHG FDPRXIODJH
WHFKQRORJ\ VKRXOG EH XVHG LQ VRPH VHD DUHD ZKHUH WKH IDOVH NLOOHU
ZKDOHV H[LVW RU SHRSOH GR QRW VXUH LI WKH IDOVH NLOOHU ZKDOHV H[LVW
,Q IDFW WKH IDNH NLOOHU ZKDOHV OLYH ZLGHO\ LQ WKH ZRUOG
V PDMRU
RFHDQV H[FHSW WKH $UFWLF 2FHDQ DQG WKXV WKH VFRSH DQG VHD DUHD
RI DSSOLFDWLRQ RI WKH SURSRVHG FDPRXIODJH VWUDWHJ\ LV H[WHQVLYH

,Q DGGLWLRQ WKH SURSRVHG GLVJXLVHG ELRQLF VRQDU VLJQDO
ZDYHIRUP GHVLJQ PHWKRG PD\ QRW EH SHUIHFW EXW LW LV DQ
LQWHUHVWLQJ DWWHPSW DQG FDQ HQOLJKWHQ RWKHU UHVHDUFKHUV WR
IXUWKHU UHVHDUFK DQG LPSURYH WKLV NLQG RI GLVJXLVHG ELRQLF VRQDU
VLJQDO ZDYHIRUP GHVLJQ PHWKRG DQG H[SORUH WKH UHOHYDQW
WHFKQRORJ\ E\ XVLQJ RWKHU ZKDOH VSHFLHV
9,,,6,08/$7,216 $1' (;3(5,0(176
$ 6SHHG DQG UDQJH HVWLPDWLRQ
,Q WKLV VHFWLRQ ZH H[DPLQH WKH SHUIRUPDQFH RI WKH SURSRVHG
PHWKRG WKURXJK FRPSXWHU VLPXODWLRQV
3OHDVH QRWH WKDW WKH H[LVWLQJ FRQYHQWLRQDO PHWKRGV DUH WR
GHVLJQ FRYHUW VRQDU VLJQDO ZDYHIRUPV E\ FKDQJLQJ WKH
SDUDPHWHUV RU VXSSUHVVLQJ WKH 615 RI VRQDU VLJQDO ZDYHIRUPV
KRZHYHU LQ WKLV SDSHU WKH SURSRVHG PHWKRG LV DQ HQWLUHO\
GLIIHUHQW DQG QHZ PHWKRG DQG LV WR GHVLJQ FRYHUW VRQDU VLJQDO
ZDYHIRUPV E\ XVLQJ WKH WUXH ZKDOH FDOOV GLVJXLVHG ELRQLF VRQDU
VLJQDO ZDYHIRUP ,Q RWKHU ZRUGV XQGHU WKH VDPH FRQGLWLRQV LW
LV YHU\ GLIILFXOW RU HYHQ LPSRVVLEOH WR FRPSDUH WKH FRYHUW
SHUIRUPDQFH RI GHVLJQHG VRQDU VLJQDO ZDYHIRUPV EHWZHHQ WKH
H[LVWLQJ FRQYHQWLRQDO PHWKRGV EDVHG RQ SDUDPHWHUFKDQJLQJ
RU ORZ 615 VLJQDOV DQG WKH SURSRVHG PHWKRG EDVHG RQ WKH
GLVJXLVHG ELRQLF VRQDU VLJQDO ZDYHIRUP 7KHUHIRUH LQ WKH
IROORZLQJ VLPXODWLRQV DQG H[SHULPHQWV ZH RQO\ HYDOXDWH WKH
SHUIRUPDQFH RI WKH SURSRVHG PHWKRG IURP PXOWLSOH DVSHFWV
LQVWHDG RI FRPSDULVRQ ZLWK RWKHU H[LVWLQJ FRQYHQWLRQDO
PHWKRGV
7KH XQGHUZDWHU DFRXVWLF FKDQQHO :$77&+ PRGHO LQ >@
LV XVHG WR VLPXODWH WKH SUDFWLFDO RFHDQLF HQYLURQPHQW 7KH
PRGHOLQJ VWDUWV ZLWK FDOFXODWLQJ WKH IDVW )RXULHU WUDQVIRUP
))7 RI WKH VRQDU ZDYHIRUP ZKLFK \LHOGV WKH
IUHTXHQF\GHSHQGHQW DPSOLWXGH DQG SKDVH UHSUHVHQWDWLRQ RI WKH
ZDYHIRUP $ VHW RI HLJHQUD\V LV WKHQ JHQHUDWHG WKURXJK
%(//+23 >@ DQG WKH\ UHSUHVHQW DOO RI WKH VLJQLILFDQW
FRQWULEXWLQJ DFRXVWLF SDWKV EHWZHHQ WKH VRXUFH DQG WKH UHFHLYHU
>@ 6HDZDWHU GHQVLW\ VHDIORRU GHQVLW\ DQG ZLQG VSHHG DUH VHW
WR EH  JFP  JFP DQG PV UHVSHFWLYHO\ 7KH
WDUJHW PRYHV DW D UHODWLYH VSHHG RI PVY  DZD\ IURP WKH
VRQDU V\VWHP VRXUFH 2WKHU NH\ SDUDPHWHUV DUH VKRZQ LQ )LJ 
ZLWK WKH VRXQG VSHHG SURILOH IRU WKH VLPXODWHG VKDOORZZDWHU
PRGHO JLYHQ LQ )LJ 
)LJ  6LPXODWLRQ VHWXS )LJ  6RXQG VSHHG SURILOH
)LJ  D $ FRPELQDWLRQ ZDYHIRUP FRPSRVHG RI WZR FRQVWUXFWHG ELRQLF
VRQDU VLJQDO ZDYHIRUPV & DQG ' E WKH 7) VSHFWURJUDP RI WKH FRQVWUXFWHG
FRPELQDWLRQ F WKH WZR UHFHLYHG UHWXUQ HFKRHV G WKHLU 7) VSHFWURJUDP H
WKH HVWLPDWHG WLPH GLIIHUHQFH EHWZHHQ WKH WZR UHFHLYHG UHWXUQ HFKRHV DIWHU WKUHH
LWHUDWLRQV
,Q WKH ILUVW VLPXODWLRQ WKH FRQVWUXFWHG ELRQLF VRQDU VLJQDO
ZDYHIRUPV & DQG ' )LJ D DUH XVHG WR IRUP D FRPELQDWLRQ
WR PHDVXUH WKH UDQJH DQG VSHHG RI WKH WDUJHW 7KHLU 7)
VSHFWURJUDPV DUH VKRZQ LQ )LJ E 7KH FRPELQDWLRQ LV
WUDQVPLWWHG DW DQ 615 RI G% $VVXPH WKDW WKH UHIOHFWLRQ
FRHIILFLHQW RI WKH WDUJHW LV RQH $IWHU WKH ZDYHIRUPV SDVV
WKURXJK WKH XQGHUZDWHU DFRXVWLF FKDQQHO WKH\ DUH UHIOHFWHG E\
WKH WDUJHW WKURXJK WKH XQGHUZDWHU DFRXVWLF FKDQQHO DJDLQ DQG
WKHQ WKHLU UHWXUQ HFKRHV DUULYH DW WKH VRQDU UHFHLYLQJ V\VWHP )LJ
F VKRZV WKH UHFHLYHG UHWXUQ HFKRHV ZKLFK KDYH D GLIIHUHQW
WLPH GRPDLQ HQYHORSH IURP WKH WUDQVPLWWHG ZDYHIRUPV & DQG '
RZLQJ WR WKH LPSDFW RI WKH XQGHUZDWHU DFRXVWLF FKDQQHO )LJ
G VKRZV WKH 7) VSHFWURJUDP RI WKH UHFHLYHG UHWXUQ HFKRHV
8VLQJ WKH UDQJH DQG VSHHG HVWLPDWLRQ PHWKRGV SUHVHQWHG LQ
6HFWLRQ 9 WKH WLPH OHQJWK RI VRQDU ZDYHIRUPV DUULYLQJ DW WKH
WDUJHW DQG WKHQ FRPLQJ EDFN WR WKH VRQDU UHFHLYLQJ V\VWHP DQG
WKH WLPH GLIIHUHQFH EHWZHHQ WKH UHFHLYHG WZR UHWXUQ HFKRHV DUH
REWDLQHG UHVSHFWLYHO\ DQG WKHQ WKH HVWLPDWHG UDQJH DQG VSHHG
RI WKH WDUJHW DUH REWDLQHG

)LJ 7KH 506( RI WKH HVWLPDWHG UDQJH DQG VSHHG ZLWK 615 G% IRU WKH
WUDQVPLWWHG VRQDU VLJQDO ZDYHIRUPV
1H[W IL[LQJ WKH 615 RI WKH WUDQVPLWWHG VRQDU VLJQDO
ZDYHIRUPV DW G% WKH HIIHFW RI WKH QXPEHU RI LWHUDWLRQV
SOHDVH VHH  RQ WKH HVWLPDWLRQ DFFXUDF\ IRU UDQJH DQG
VSHHG LV H[DPLQHG 7KH URRWPHDQVTXDUH HUURU 506( UHVXOWV
>@ RI WKH HVWLPDWHG UDQJH DQG VSHHG ZLWK  LQGHSHQGHQW
0RQWH &DUOR UXQV >@ DUH VKRZQ LQ )LJ  ,W FDQ EH VHHQ
WKDW ZLWK WKH LQFUHDVH RI WKH QXPEHU RI LWHUDWLRQV WKH HVWLPDWLRQ
DFFXUDF\ LPSURYHV FRQWLQXRXVO\ +RZHYHU WKH ILUVW WKUHH
LWHUDWLRQV KDYH WKH PRVW LPSDFW RQ WKH UHVXOW ZKLOH WKH
LPSURYHPHQW EHFRPHV OHVV EH\RQG WKDW 7KLV LQGLFDWHV WKDW LQ
SUDFWLFH IRU D ORZFRPSOH[LW\ LPSOHPHQWDWLRQ WKUHH LWHUDWLRQV
FRXOG EH HPSOR\HG ZLWK D VDWLVIDFWRU\ SHUIRUPDQFH
)LJ  D :DYHIRUPV RI WKH WZR UHFHLYHG UHWXUQ HFKRHV E WKHLU 7)
VSHFWURJUDP F WKH HVWLPDWHG WLPH GLIIHUHQFH EHWZHHQ WKH WZR UHFHLYHG UHWXUQ
HFKRHV DIWHU WKUHH LWHUDWLRQV
,Q WKH VHFRQG VLPXODWLRQ WKH ORZ 615 FDVH LV HYDOXDWHG DQG
WKH 615 RI WKH WUDQVPLWWHG VRQDU VLJQDO ZDYHIRUPV LV VHW WR
G% $OO RWKHU SDUDPHWHUV DUH WKH VDPH DV LQ WKH ILUVW
VLPXODWLRQ 7KH FRPELQDWLRQ RI WZR FRQVWUXFWHG ELRQLF VRQDU
VLJQDO ZDYHIRUPV & DQG ' LV WUDQVPLWWHG )LJ  VKRZV WKH
ZDYHIRUPV RI WKH WZR UHFHLYHG UHWXUQ HFKRHV WKHLU 7)
VSHFWURJUDP DQG WKH HVWLPDWHG WLPH GLIIHUHQFH EHWZHHQ WKH WZR
UHFHLYHG UHWXUQ HFKRHV DIWHU WKUHH LWHUDWLRQV ,W FDQ EH VHHQ WKDW
HYHQ DW D ORZ 615 YDOXH D KLJK HVWLPDWLRQ SHUIRUPDQFH FDQ
VWLOO EH DFKLHYHG E\ WKH SURSRVHG PHWKRG
)LJ  (VWLPDWLRQ SHUIRUPDQFH RI WKH UDQJH DQG VSHHG DW GLIIHUHQW 615V DQG
GLIIHUHQW VSHHGV RI WKH WDUJHW
,Q WKH WKLUG VLPXODWLRQ WKH HVWLPDWLRQ SHUIRUPDQFH LV
HYDOXDWHG DV WKH 615 YDULHV IURP G% WR G% RQ WKH
FRQGLWLRQ WKDW WKH VSHHG RI WKH WDUJHW LV PV DQG PV
UHVSHFWLYHO\ 2WKHU VLPXODWLRQ SDUDPHWHUV DUH WKH VDPH DV LQ WKH
ILUVW VLPXODWLRQ 7KH 506( UHVXOWV ZLWK  LQGHSHQGHQW
0RQWH &DUOR UXQV DUH VKRZQ LQ )LJ  ZKHUH LW FDQ EH VHHQ
WKDW DV WKH 615 LQFUHDVHV WKH 506( RI WKH HVWLPDWHG UDQJH DQG
VSHHG GHFUHDVHV FRQWLQXRXVO\ 7KH HVWLPDWLRQ SHUIRUPDQFH
XQGHU WKH WDUJHW¶V VSHHG RI PV LV VXSHULRU WR WKDW RI PV
ZKLFK LV EHFDXVH WKDW WKH UHWXUQ HFKRHV XQGHU D VSHHG RI PV
KDYH ODUJHU GHIRUPDWLRQ FDXVHG E\ WKH 'RSSOHU HIIHFW DQG WKXV
UHVXOWV LQ WKDW WKH FURVVFRUUHODWLRQ UHVXOWV KDYH ODUJHU HUURUV
%&DPRXIODJH DELOLW\ HYDOXDWLRQ
,Q WKH IRXUWK H[SHULPHQW WKH FDPRXIODJH DELOLW\ RI WKH
FRQVWUXFWHG ZDYHIRUPV LV H[DPLQHG 6XSSRUW 9HFWRU 0DFKLQH
690 ZKLFK LV ZLGHO\ XVHG LQ VPDOO VDPSOH UHFRJQLWLRQ
SUREOHPV DQG XQGHUZDWHU DFRXVWLF VLJQDO UHFRJQLWLRQ >@ ZDV
XVHG DV FODVVLILHU WR FODVVLI\ WKH FRQVWUXFWHG ELRQLF VRQDU VLJQDO
ZDYHIRUPV DQG WKH ILUVW W\SH RI WUXH ZKLVWOHV LQ 7DEOH  :H
XWLOL]HG WKH ILYH RUGHU SRO\QRPLDOV WR ILW WKH ULGJH RI WKH 7)V RI
ERWK WKH FRQVWUXFWHG VRQDU VLJQDO ZDYHIRUPV DQG WKH ILUVW W\SH
RI WUXH ZKLVWOHV DQG WKHQ ILYH FRHIILFLHQWV DQG UHVLGXDO HUURU RI
WKH ILYH RUGHU SRO\QRPLDOV ZHUH XVHG DV IHDWXUH SDUDPHWHUV WR
WUDLQ WKH FODVVLILHU .IROG FURVVYDOLGDWLRQ LV D WUDGLWLRQDO DQG
HIIHFWLYH PHWKRG WR HYDOXDWH WKH SHUIRUPDQFH RI D FODVVLILHU
RYHU D GDWDVHW >@ ,Q WKLV SDSHU IROG FURVVYDOLGDWLRQ ZDV
XVHG IRU FODVVLILFDWLRQ HYDOXDWLRQ  IDOVH NLOOHU ZKDOH ZKLVWOHV
ZHUH UDQGRPO\ SDUWLWLRQHG LQWR IRXU HTXDO VL]HG GDWDVHWV :6
:6 :6 DQG :6 DQG HDFK RI WKH IRXU GDWDVHWV FRQWDLQV 
ZKDOH ZKLVWOHV /LNHZLVH  FRQVWUXFWHG ELRQLF VRQDU VLJQDO
ZDYHIRUPV ZHUH DOVR UDQGRPO\ GLYLGHG LQWR IRXU HTXDO VL]HG
GDWDVHWV 66 66 66 DQG 66 ,Q HDFK FURVVYDOLGDWLRQ SURFHVV D
VXEVDPSOH ZKLFK LQFOXGHG WKUHH VHWV RI WKH ZKDOH ZKLVWOHV DQG
WKUHH VHWV RI WKH VRQDU VLJQDO ZDYHIRUPV ZDV XVHG DV WUDLQLQJ
GDWD IRU WKH 690 FODVVLILHU DQG WKHQ WKH UHPDLQLQJ ZKDOH
ZKLVWOHV DQG VRQDU VLJQDO ZDYHIRUPV ZHUH FODVVLILHG DQG
UHFRJQL]HG E\ WKH 690 FODVVLILHU 7KH FURVVYDOLGDWLRQ SURFHVV
LV WKHQ UHSHDWHG WKUHH WLPHV DQG HDFK JURXS RI WKH ZKDOH
ZKLVWOHV QDPHO\ :6 :6 :6 DQG :6 DQG VRQDU VLJQDO

ZDYHIRUPV QDPHO\ 66 66 66 DQG 66 ZHUH XVHG RQFH DV WKH FODVVLILHG GDWD
7DEOH &RQIXVLRQ PDWULFHV¶ UHVXOWV RI WKH IRXUIROG FURVVYDOLGDWLRQ RI 690 FODVVLILHUV
&ODVVLILHU
VHULDO QXPEHU 7UDLQLQJ GDWD &ODVVLILHG GDWD 6RQDU VLJQDOV  :KDOH ZKLVWOHV 
 :6 :6 :6 66 66 66 :6 66 6RQDU VLJQDOV  :KDOH ZKLVWOHV  
 :6 :6 :6 66 66 66 :6 66 6RQDU VLJQDOV  :KDOH ZKLVWOHV  
 :6 :6 :6 66 66 66 :6 66 6RQDU VLJQDOV  :KDOH ZKLVWOHV  
 :6 :6 :6 66 66 66 :6 66 6RQDU VLJQDOV  :KDOH ZKLVWOHV  
7DEOH  VKRZV WKH H[SHULPHQWDO FRQGLWLRQV DQG FRQIXVLRQ
PDWULFHV¶ UHVXOWV RI WKH IRXUIROG FURVVYDOLGDWLRQ RI 690
FODVVLILHUV )RU WKH ILUVW 690 FODVVLILHU  RI 66 ZHUH
FODVVLILHG DV WKH ELRQLF VRQDU VLJQDO ZDYHIRUPV DQG  RI :6
ZHUH FODVVLILHG DV WKH ZKDOH ZKLVWOHV 7KHUHIRUH WKH
FODVVLILFDWLRQ UDWH RI WKH ILUVW 690 FODVVLILHU LV
  6LPLODUO\ WKH
FODVVLILFDWLRQ UDWHV RI WKH UHPDLQLQJ WKUHH 690 FODVVLILHUV DUH
  DQG  UHVSHFWLYHO\ %DVHG RQ DERYH UHVXOWV
RQH FDQ VHH WKDW WKH ELRQLF VRQDU VLJQDO ZDYHIRUPV KDYH DQ DERXW
 SUREDELOLW\ RI EHLQJ FODVVLILHG DV WKH WUXH ZKDOH ZKLVWOHV
DQG WKH WUXH ZKLVWOHV RI IDOVH NLOOHU ZKDOHV DOVR KDYH DQ DERXW
 SUREDELOLW\ RI EHLQJ FODVVLILHG DV WKH ELRQLF VRQDU VLJQDO
ZDYHIRUPV ZKLFK LQGLFDWHV WKDW WKH 690 FODVVLILHU FDQQRW
GLVWLQJXLVK WKH ELRQLF VRQDU VLJQDO ZDYHIRUPV IURP WKH WUXH
ZKLVWOHV RI IDOVH NLOOHU ZKDOHV WKDW LV WR VD\ WKH FRQVWUXFWHG
ELRQLF VRQDU VLJQDO ZDYHIRUPV DUH YHU\ FORVH WR WKH WUXH ZKLVWOH
RI IDOVH NLOOHU ZKDOHV
,; &21&/86,21
'LIIHUHQW IURP FRQYHQWLRQDO SDUDPHWHUFKDQJLQJ RU ORZ
615 VRQDU VLJQDO ZDYHIRUPV IRU FRYHUW RSHUDWLRQV D QHZ W\SH
RI ELRQLF VRQDU VLJQDO ZDYHIRUP GHVLJQ ZLWK LWV SRVVLEOH
FDPRXIODJH DSSOLFDWLRQ VWUDWHJ\ KDV EHHQ SURSRVHG E\ KLJKO\
LPLWDWLQJ WKH IDOVH NLOOHU ZKDOH ZKLVWOHV WR FRQVWUXFW WKH ELRQLF
DQG GLVJXLVHG VRQDU VLJQDO ZDYHIRUPV $FFRUGLQJ WR WKH WLPH
UHVROXWLRQ DQG 'RSSOHU WROHUDQFH RI WKH SURSRVHG ELRQLF VRQDU
VLJQDO ZDYHIRUPV D FRPSXWDWLRQDOO\ HIILFLHQW WDUJHW UDQJH DQG
VSHHG HVWLPDWLRQ DOJRULWKP ZDV GHYHORSHG DQG HYDOXDWHG 7KH
FRYHUWQHVV RI WKH FRQVWUXFWHG VRQDU VLJQDO ZDYHIRUPV DQG WKHLU
FDPRXIODJH DSSOLFDWLRQ VWUDWHJ\ ZHUH GHVLJQHG DQG LPSURYHG
IURP PXOWLSOH DVSHFWV WLPH GRPDLQ ZDYHIRUP IUHTXHQF\
GLVWULEXWLRQ 7) GLVWULEXWLRQ LQWHUSXOVH LQWHUYDO DQG GLYHUVLW\
RI WKH VLJQDO ZDYHIRUPV 0RVW LPSRUWDQW RI DOO WKH SURSRVHG
DSSURDFK FDQ VROYH WKH WUDGHRII SUREOHP EHWZHHQ ORQJUDQJH
GHWHFWLRQ DQG FRYHUWQHVV ,W FDQ NHHS D VDWLVIDFWRU\ OHYHO RI
FRYHUWQHVV E\ PHDQV RI FDPRXIODJH HYHQ LI WKH 615 RI WKH
WUDQVPLWWHG VLJQDOV LV YHU\ KLJK 2Q WKH RWKHU KDQG LW FDQ
LPSURYH WKH FRYHUWQHVV IXUWKHU E\ UHGXFLQJ WKH 615 IRU D VKRUW
UDQJH WDUJHW GHWHFWLRQ WDVN 7KH SURSRVHG ELRQLF VRQDU VLJQDO
ZDYHIRUP GHVLJQ WHFKQRORJ\ FDQ EH XVHG ZLGHO\ LQ WKH
XQGHUZDWHU VHQVRU SODWIRUPV
,Q WKLV SDSHU RQO\  7\SH ZKLVWOHV DUH LPLWDWHG ,Q WKH
IXWXUH UHVHDUFK ZRUN RWKHU W\SHV RI ZKLVWOHV ZLOO EH LPLWDWHG
WKURXJK LQGHSWK VWXGLHV
;$&.12:/('*0(176
7KLV ZRUN ZDV VXSSRUWHG LQ SDUW E\ WKH 7LDQ-LQ 1DWXUDO
6FLHQFH )RXQGDWLRQV RI &KLQD XQGHU *UDQW 1R
-&41-& 1DWLRQDO 1DWXUDO 6FLHQFH )RXQGDWLRQV RI
&KLQD XQGHU *UDQW 1R   
1DWLRQDO NH\ UHVHDUFK DQG GHYHORSPHQW SODQ
<)) <RXQJ (OLWH 6FLHQWLVWV 6SRQVRUVKLS
3URJUDP %\ &DVW RI &KLQD XQGHU *UDQW 1R 415&
2SHQ 3URMHFW 02067 RI .H\ /DERUDWRU\ RI 0LFUR
2SWRHOHFWUR 0HFKDQLFDO 6\VWHP 7HFKQRORJ\ 7LDQMLQ
8QLYHUVLW\ 0LQLVWU\ RI (GXFDWLRQ 3KRWRHOHFWULF ,QIRUPDWLRQ
DQG ,QVWUXPHQW(QJLQHHULQJ 5HVHDUFK &HQWHU RI %HLMLQJ 2SHQ
3URMHFW 1R*'
5()(5(1&(
>@ )ROOHWW 5 ) DQG - 3 'RQRKRH $ ZLGHEDQG KLJKUHVROXWLRQ
ORZSUREDELOLW\RIGHWHFWLRQ ))7 EHDPIRUPHU ,((( -RXUQDO RI
2FHDQLF (QJLQHHULQJ YRO QR SS 
>@ 1LFKROVRQ 'DYLG / 6SUHDG VSHFWUXP VLJQDO GHVLJQ /3( DQG $-
V\VWHPV 
>@ /RXUH\ 6LPRQ - )UHTXHQF\ KRSSLQJ ZDYHIRUPV IRU FRQWLQXRXV
DFWLYH VRQDU ,((( ,QWHUQDWLRQDO &RQIHUHQFH RQ $FRXVWLFV
6SHHFK DQG 6LJQDO 3URFHVVLQJ SS 
>@ .HHUWKL < DQG 7' %KDWW ³/3, UDGDU VLJQDO JHQHUDWLRQ DQG
GHWHFWLRQ´ 
>@ 6WDQFLX 0LKDL ,RQXW 6 $]RX DQG $ 6HUEDQHVFX 2Q WKH EOLQG
HVWLPDWLRQ RI FKLS WLPH RI WLPHKRSSLQJ VLJQDOV WKURXJK
PLQLPL]DWLRQ RI D PXOWLPRGDO FRVW IXQFWLRQ ,((( 7UDQVDFWLRQV
RQ 6LJQDO 3URFHVVLQJ YRO QR SS  
>@ 0DUV]DO - 6DODPRQ 5 'HWHFWLRQ UDQJH RI LQWHUFHSW VRQDU IRU
&:)0 VLJQDOV $UFKLYHV RI $FRXVWLFV YRO QR SS

>@ 0DUV]DO - 6DODPRQ 5 .LOLDQ / $SSOLFDWLRQ RI PD[LPXP OHQJWK
VHTXHQFH LQ VLOHQW VRQDU +\GURDFRXVWLFV YOR SS

>@ 0DUV]DO - 6DODPRQ 5 =DFKDULDV] . HW DO 'RSSOHU HIIHFW LQ WKH
FZ IP VRQDU +\GURDFRXVWLFV YRO SS  
>@ .XOSD . /XNLQ . 0LFHOL : HW DO 6LJQDO SURFHVVLQJ LQ QRLVH
UDGDU WHFKQRORJ\ >(GLWRULDO@ ,(7 5DGDU 6RQDU 	 1DYLJDWLRQ
YRO QR SS 

>@ /\QFK 5 6 :LOOHWW 3 . 5HLQHUW - 0 6RPH DQDO\VLV RI WKH /3,
FRQFHSW IRU DFWLYH VRQDU ,((( -RXUQDO RI 2FHDQLF (QJLQHHULQJ
YRO QR SS  
>@ ,JOHVLDV 9 HW DO 5HDOWLPH ORZFRPSOH[LW\ DXWRPDWLF
PRGXODWLRQ FODVVLILHU IRU SXOVHG UDGDU VLJQDOV ,(((
7UDQVDFWLRQV RQ $HURVSDFH 	 (OHFWURQLF 6\VWHPV YRO QR
SS 
>@ 6KXL 3HQJ /DQJ = %DR DQG + 7 6X 1RQSDUDPHWULF GHWHFWLRQ
RI )0 VLJQDOV XVLQJ WLPHIUHTXHQF\ ULGJH HQHUJ\ ,(((
7UDQVDFWLRQV RQ 6LJQDO 3URFHVVLQJ YRO  QR SS

>@ /HDUQHG 5 ( :LOOVN\ $ 6 $ ZDYHOHW SDFNHW DSSURDFK WR
WUDQVLHQW VLJQDO FODVVLILFDWLRQ $SSOLHG DQG &RPSXWDWLRQDO
+DUPRQLF $QDO\VLV YRO QR SS 
>@ 0RUULVVH\ 5 3 :DUG - 'L0DU]LR 1 HW DO ³3DVVLYH DFRXVWLF
GHWHFWLRQ DQG ORFDOL]DWLRQ RI VSHUP ZKDOHV 3K\VHWHU
PDFURFHSKDOXV LQ WKH WRQJXH RI WKH RFHDQ´ $SSOLHG DFRXVWLFV
YRO QR SS 
>@ :X /LQORQJ 3 %DEX DQG ' 3 3DORPDU 7UDQVPLW
ZDYHIRUPUHFHLYH ILOWHU GHVLJQ IRU 0,02 UDGDU ZLWK PXOWLSOH
ZDYHIRUP FRQVWUDLQWV ,((( 7UDQVDFWLRQV RQ 6LJQDO 3URFHVVLQJ
YRO QR SS  
>@ 7DQJ %R 0 0 1DJKVK DQG - 7DQJ 5HODWLYH HQWURS\EDVHG
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